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ABSTRACT
Evolution and Selection: From Suppression of Metabolic Deficiencies to Bacteriophage
Host Range and Resistance
Daniel Kurt Arens
Department of Microbiology and Molecular Biology, BYU
Doctor of Philosophy
The evolution and adaptation of microorganisms is so rapid it can be seen in the time
frame of days. The root cause for their evolution comes from selective environmental pressures
that see organisms with beneficial mutations survive otherwise deadly encounters or outperform
members of its population who fail to adapt. This does not always result in strict improvement of
the individual as in the case of antibiotic resistant bacteria who often display fitness tradeoffs to
avoid death (see Reviews [1-3]). For example, when an ampicillin resistance gene (ampC)
containing plasmid that is occasionally found in the wild was transformed into S. typhimurium
the bacteria had slower growth and impaired invasiveness [4]. In another example, capreomycin
use with mycobacteria resulted in lower binding of the drug to the ribosome through mutations in
rRNA methylase TlyA 16S rRNA, which decreases the overall fitness of the mycobacteria [5].
The evolutionary interactomes between bacteria and antibiotics do not end there, as antibiotic
resistant bacteria often accumulate compensatory mechanisms to regain fitness. These range in
effect with some altering individual cellular pathways and others having systemic affects [1].
My work has focused on the intersection of diabetes and related antibiotic resistant
bacterial infections. Diabetes is one of the leading health issues in the United States, with over
10% of the adult population and over 26% of the elderly diagnosed (American Diabetes
Association) [6]. Herein I further characterize the molecular pathways involved in diabetes,
through the study of PAS kinase (PASK) function. PAS kinase is a serine-threonine protein
kinase which regulates the pathways disrupted in diabetes, namely triglyceride accumulation,
metabolic rate (respiration), adiposity and insulin production and sensitivity [7-9]. In this study I
specifically focus on the effects of PAS kinase and its substrate, USF1/Cbf1p, and how their
altered metabolic deficiencies can be suppressed using yeast cells. Through this study I further
characterized the molecular function of USF1/Cbf1p through the identification of putative cotranscriptional regulators, identify novel genes involved in the regulation of respiration, and
uncover a function or a previous uncharacterized protein, Pal1p.
Part of the diabetes healthcare challenge results from the wide range of diseases that are
associated with diabetes, including obesity [10, 11], renal failure [12, 13], neuropathies and
neurodegeneration [14, 15], endocrine dysfunctions [16, 17], and cancers [18]. In addition,
diabetes is a leading cause of lower limb amputations, due to poor circulation and the prevalence
of ulcers [19-21], many of which are antibiotic resistant [22-25]. Phage therapy, based on the
administration of bacterial viruses, is a viable option for the treatment of these diseases, with our
lab recently isolating bacteriophages for several clinical cases. In the second half of my thesis, I
present the study of the adaptation of bacteriophages to their hosts as well as report contributions
of local ecology to their evolution.

Keywords: diabetes, cellular respiration, mitochondria, metabolism, CBF1, USF1, PAL1,
oxidative phosphorylation, mitophagy, yeast, PASK, bacteriophage, phage, phage therapy,
antibiotic resistance, evolution, Klebsiella, Erwinia
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Chapter 1: Introduction
1.1 Thesis
The overarching theme of my study is the relationship between selection and mutation, a
virtual arms race within a cell to balance metabolism, or between bacterial viruses
(bacteriophages) and their hosts to balance an intricate predator/prey relationship. This arms race
shapes evolution, affecting the emergences of both pathogens and disease. Reported in this body
of work is a greater understanding of compensatory adaptations in respiratory defects (Chapter
2), which are a common phenotype associated with diabetes that results in organ dysfunction and
disease. In addition, I uncover the compensatory adaptations of phages and their hosts involved
in the treatment of antibiotic resistant infections in diabetic ulcers (Chapter 3) as well as in the
treatment of an agricultural infection of Rosaceae plants, Fire Blight (Chapter 4).
1.2 Diabetes: A Complex Metabolic Disease
Diabetes is devasting our country, both in quality of life declines as well as in health care
burdens. Diabetes affects over 10% of the adult population and over 26% of the elderly [6].
Diabetes is a disease of altered blood sugar levels such as hyperglycemia and characterized
primarily by either deficient insulin production (Type 1) or insulin insensitivity (Type 2) [26].
Insulin is the protein responsible for bringing glucose into cells [27]. Common complications
associated with diabetes include hypertension [28], dyslipidemia [29], and heart disease [30]. In
conjunction with Type 2 diabetes, dyslipidemia involving chronically increased free fatty acids
has an inhibitory effect on insulin [31] and causes defects in glucose feedback mechanisms to
suppress glucose production [32] (Figure 1-1). Increased fatty acids also increase risk for
cardiovascular disease. However, slight elevation is needed for insulin secretion making it a
delicate balance [33, 34]. Recent studies suggest diabetes is a complex metabolic disease, with
multiple subtypes rather than simply Type 1 and Type 2 [35-37]. These studies provide insight
into why standard generalized medications aimed at large groups are lacking. A detailed
understanding of the molecular pathways associated with diabetes is necessary in order to lead to
effective therapies.

Figure 1-1. A chronic increase in fatty acid levels in the blood inhibits insulin production.

Figure 1-2. Increased blood glucose levels induce lower respiration levels in muscle and
kidney cells of type 2 diabetics.Figure 1-1. A chronic increase in fatty acid levels in the
blood inhibits insulin production.
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1.3 Mitochondrial Defects in Diabetes
The connection between diabetes and mitochondrial dysfunction is well established (see
reviews [38-40]). Previous reports have shown a decrease in mitochondrial respiration in muscle
cells of patients with Type 2 diabetes [41, 42]. One major complication of diabetes is kidney
damage influenced by hyperglycemia; in one particular study hyperglycemia induced lower
respiration in kidney cells [43] (Figure 1-2). My work in Chapter 2 aims to address the
compensatory methods used by cells to recover function and highlights the evolutionary capacity
through a yeast model.

Figure 1-2. Increased blood glucose levels induce lower respiration levels in muscle and kidney cells of type 2
diabetics.

1.4 A Pivotal Node of Metabolic Regulation: Cellular Respiration and Fatty Acid
Biosynthesis
Figure 1-3. Several metabolic complexes and pathways including glycolysis, the pyruvate dehydrogenase complex,
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outside of the complexes used to break chemical bonds and transport electrons forming multiple
pathways that work in concert to maintain life [46].

Figure 1-3. Several metabolic complexes and pathways including glycolysis, the pyruvate dehydrogenase complex,
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through the reverse process fatty acid oxidation inside the mitochondria. It is at this intersection
that cells must make a choice to shunt resources towards energy production or fat storage making
it a key point of metabolic regulation [46] (Figure 1-3).
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Figure 1-3. Several metabolic complexes and pathways including glycolysis, the pyruvate dehydrogenase complex,
citric acid cycle, and oxidative phosphorylation (OXPHOS) occur inside and outside the mitochondria (pictured
above) to produce energy and fats.
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cerevisiae, or baker’s yeast, is an excellent, genetically pliable model for metabolic disease. It
encodes two copies of the PASK protein and they are predicted to have subspecialized functions
because they are active under different growth conditions [48].
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In the Grose lab we have identified 93 putative
binding partners of PASK in yeast, several of which have
been shown to be bona fide substrates. One newly
discovered substrate, Centromere binding factor 1 (CBF1)
a transcription factor [58] in yeast, is of particular interest.
Research into CBF1 has been relatively sparse but it has
been implicated in chromatin remodeling complexes [59,
60], lipid biogenesis [61], and sulfur metabolism [62].
While CBF1 may play an important role in many different
biological functions, our lab has characterized CBF1 more
thoroughly and identified it as a key regulator of a pivotal
point of metabolic decision, the partitioning of glucose
towards lipids or respiration [61] (Figure 1-4).

Figure 1-1

Figure 1-1

Figure 1-1
Figure 1-4. PASK phosphorylation of CBF1
inhibits respiration and shunts Acetyl-CoA
towards lipid biosynthesis.
Figure 1-1

CBF1 is a homolog of human Upstream
Stimulating Factor 1 (USF1). USF1 was first identified
in 1985 when it was purified from HeLa cells and found to be a transcription factor. When
incubated with the Major Late promoter from adenovirus and other transcription factors it was
found to bind specifically to the sequence GGCCACGTGACC [63]. Since then the binding
region has been refined to CACGTG, which is a well-known E-box or DNA enhancer element
[64].

USF1 is often accompanied by USF2 and it is now known that they form both hetero- and
homo-dimers when binding to DNA [65]. The genes USF1 has been known to stimulate have
also been increasing in the last 30 years especially in hepatic tissue. In 1998 a USF1/USF2
heterodimer was shown in vitro to bind to glucose/carbohydrate response elements of glucose
responsive genes [65]. In the same year researchers reported USF1 binding to promoters of genes
responsible for glucokinase, apoA-II, and fatty acid synthase [64, 66, 67]. Since then a majority
of research on USF1 has focused on its role in lipid metabolism.
Our lab was the first to report the regulation of respiration by CBF1/USF1, with CBF1deficient yeast displaying a dramatic reduction in respiration as well as a respiratory growth
defect [68]. CBF1-deficient yeast proved challenging to study due to the alarming speed of
suppression, reverting in part to a wild-type phenotype within two days. The compensatory
mechanisms employed to recover respiratory metabolism illustrates the protein networks that
control whole cell function, integrating seemingly disparate proteins and pathways. In Chapter 2
of this work I have identified several new functions for CBF1 and adaptations used by yeast to
overcome CBF1 deficiency including cell cycle regulation and mitophagy. A critical adaptation
reported involves an uncharacterized yeast protein Pal1p, which has been associated with
endocytosis. Herein I report a significant respiratory defect upon PAL1 knockout. I further
characterized this protein and identified additional roles in cell cycle regulation, cell wall
integrity, and mitophagy, consistent with its previously reported colocalization with endocytic
vesicles.
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1.6 Diabetes Related Infections
One critical effect of diabetes is circulatory defects which lead to nerve damage that
decreases sensitivity in various parts of the body, usually in the legs and feet. This effect is
particularly dangerous because ulcers or open sores can develop at pressure points that go
unchecked. It has been estimated that a third of diabetics will get a foot ulcer and half of those
will become infected, in fact diabetes is the leading cause of lower limb amputations in the
United States [21]. In a review of several studies in Korea the pathogenic bacteria S. aureus was
found in 26% to 46% of ulcers [22] and in India 53% of a cohort’s bacterial isolates produced
beta-lactams, 41% methicillin resistant, and 19% vancomycin resistant [23]. In a similar study
the bacterial genus Klebsiella was isolated and was highly associated with fatality compared to
other isolates [24]. Our lab has recently contributed to the isolation of phages for the treatment of
clinical cases of diabetes. Chapter 3 explores a family of Klebsiella phages isolated for a
particular patient, and our characterization of these phages which results in unique adaptations to
host.
1.7 Bacteriophage-Host Adaptations and Evolution
My second line of study has focused on the co-adaptation of bacteria and the phages that
infect them, located in Chapters 3 and 4. Bacterial adaptations from selective pressures are
among the most prominent with the rise of antibiotic resistance combined with their rapid
replication times and abundant populations. Often times resistance among a bacterial population
is reported within ten years of the antibiotics first use [69-73] although this isn’t as surprising
considering resistance genes can be traced back far in history [74-77]. One of the largest natural
selective pressures to bacteria come in the form of bacteriophages or phages, viruses that infect
and kill bacteria with high accuracy and specificity.
Phages are the most abundant living entity on the planet. Their ability to lyse and kill
their host or contribute genes combined with their sheer abundance makes them an intricate force
in bacterial evolution. Phages, depending on the environment, have been reported to turnover
20% of a bacterial population everyday [78, 79]. This turnover occurs as phages enter a lytic life
cycle and bind to their host, inject DNA, replicate, and burst from the cell to infect more of its
host. Phages also may be lysogenic only or have both potential life cycles [80], incorporating its
DNA into the host genome conferring toxins or antibiotic resistance genes (Figure 1-5). The
duality of the bacteriophage/host relationship has allowed the two biological entities to coevolve
together for presumably as long as bacteria have existed. Despite phages being highly specific to
a particular bacterial species, and many times even to a strain within that species, its genome can
be diverse, often containing genes most related to non-host bacteria and the phages that infect
them, consistent with rapid evolution.
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Figure 1-5. Phages can have either or both lytic and lysogenic life cycles.

1.8 Developing a Broad-range Klebsiella Phage Cocktail for Clinical Use
A phage’s ability to lyse specific bacteria while leaving others unharmed has made them
an attractive alternative or companion to antibiotics. Phages use tails fibers for host recognition
and attachment; after entry and replication they use a suite of lytic agents including holins,
endolysins, and spanins to burst the cell and escape [81]. These four proteins represent critical
points for phage evolution and the evolution of bacterial resistance. Yet this specific of phages is
the precise characteristic that makes phage therapy difficult. Isolation, characterization, and
development of patient-specific phage therapies are expensive. My goal is to develop a broad
range Klebsiella phage therapy that would be useful against a majority of clinical Klebsiella
cases.
Using an antibiotic resistant Klebsiella clinical isolate from the leg ulcer of a diabetic
patient I have characterized five clinically relevant phages that are highly effective against
numerous antibiotic resistant Klebsiella strains with different antibiotic resistance mechanisms.
These phages are highly similar to each other on both a genomic and proteomic level (>95%) and
belong to the Jiaodavirus Klebsiella phages. The most striking feature of these highly related
phages is the high diversity in their tail fiber protein and the broad host range likely stemming
from tail fiber swapping to adapt to various hosts. In addition, I characterize the resistance
patterns through the isolation of resistant Klebsiella. Once again, these patterns are striking for
such similar Klebsiella phages, with resistant strains being sensitive to a subset of phages and
resistant to others. Taken together, my results are consistent with the tail fiber being critical to
host range restriction for this family of phages.
1.9 Developing a Broad-range Erwinia Phage Cocktail for Agricultural Use
In addition to human pathogens, I have characterized novel phages that infect the plant
pathogen, Erwinia amylovora. Erwinia is the causative agent of fire blight, a disease of Rosaceae
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plants including apple, almond and pear, responsible for hundreds of millions in agricultural loss
each year [82-84]. Erwinia belongs to the Enterobacterales order of bacteria, a family of human,
animal and plant pathogens which includes Klebsiella [85]. Herein I characterize two related
phages, Joad and RisingSun, that share an unusually high homology to Pseudomonas and Vibrio
phages (these hosts are from distant bacterial orders), rather than those belonging to the
Enterobacterales order. Pseudomonas specifically inhabits the same ecological niche as Erwinia
suggesting the environment plays a large role in the phage’s evolution, including gene
acquisition that can drive its divergence and put the phage/bacteria on a path to reclassification
[86-93].
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Chapter 2: A high copy suppressor screen for the cbf1 growth defect in yeast reveals
pathways for coordination of cell cycle progression, DNA quality control, respiration, and
mitophagy
Daniel K. Arensa, Brittany A. Pielsticka, Jenny A. Papea, Michael R. Sirrinea, Eliza E. Bittera,
Samuel R. Nicholesa, Julianne H. Grosea
Department of Microbiology and Molecular Biology, Brigham Young Universitya
This article has been submitted for publication in the journal G3: Genes, Genomes, Genetics. As
the lead author on this manuscript, I performed a majority of the experiments, drafted the
manuscript and figures, and analyzed the data. Brittany A. Pielstick, Jenny A. Pape and Samuel
R. Nicholes performed the original genetic screen for Cbf1 suppressors, which I then confirmed
and characterized. Brittany A. Pielstick also performed the Y2H and mass spectrometry
screening. I trained Michael R. Sirrine, an undergraduate who assisted with this characterization.
Eliza E. Bitter performed the cell cycle flow cytometry and related analysis.
2.1 Abstract
Cellular respiration is essential to eukaryotic life and yet over 300 mitochondriaassociated proteins lack any real characterization in yeast or humans. We have previously
identified the Saccharomyces cerevisiae transcription factor Centromere Binding Factor 1
(Cbf1p) as a key regulator of respiratory metabolism and in this study sought to identify
pathways by which Cbf1p alters cellular respiration. Utilizing a high copy suppressor screen, we
have identified 12 proteins, which when overexpressed recover a respiratory defect in CBF1deficient cells on plate. These proteins include transcription factors as well as proteins involved
in DNA quality control and cell cycle progression. Knockouts of several of these genes are
sensitive to oxidative stress including mck1, pal1, pcl10, and exo1. Further characterization of
these 12 proteins through Seahorse respiration assays found that S. cerevisiae proteins Exo1p, an
exonuclease required for mitotic recombination, Tye7p, a transcriptional regulator of glycolysis,
and the little studied Pal1p produce severe respiratory defects upon knockout. Furthermore,
based upon yeast-two hybrid screening and mass spectrometric analysis, Pal1p was associated
with cell wall integrity and mitophagy leading to the discovery of defects in both pathways in
PAL1-deficient cell as well as severe mitophagy defect in CBF1-deficient cells. These finding
support the notion that Cbf1p coordinates mitochondrial health with cellular growth and division
through several transcription factors, and that Pal1p has a role affecting numerous pathways
including respiration, cell cycle progression, oxidative damage, cell integrity, and mitophagy.
2.2 Introduction
Cellular respiration plays an essential role in central metabolism and cell death while its
dysfunction is associated with a wide variety of diseases including diabetes, Alzheimer’s, and
cancer [94-103], yet the basic pathways for mitochondrial regulation and function are still largely
unknown. For example, over one-quarter of mitochondria-associated proteins (~300 proteins)
have unknown function in yeast or mammalian cells [104] and respiratory control extends
beyond even these mitochondria-associated proteins, such as in the case of nuclear transcription
factors which regulate the expression of mitochondrial proteins. These uncharacterized proteins
represent a blind spot in our understanding of mitochondrial function and when understood,
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could unravel the intricate coordination of mitochondrial function with other pathways for
cellular health. The budding yeast Saccharomyces cerevisiae is particularly useful to the study of
mitochondrial function due to its ability to grow solely by fermentative pathways, facilitating the
isolation and characterization of respiration deficient mutants [105]. S. cerevisiae has been
studied since the 18th century [106] and has since become a model organism because of the ease
of propagation and genetic manipulation as well as the conservation of genes and pathways
among eukaryotes [107].
We recently identified the S. cerevisiae Centromere Binding Factor 1 (Cbf1p), a
conserved basic helix-loop-helix transcription factor [108], as a positive regulator of respiration
[68, 109]. Cbf1p had previously been implicated in chromatin remodeling [58, 60, 110],
phosphate metabolism [111], sulfur metabolism [62, 108, 112-114], and lipid biosynthesis [115].
Cbf1p is also known to bind to other transcription factors [62, 113]. Its roles in chromatin
remodeling and lipid biosynthesis are conserved in humans where its homolog Upstream
Stimulatory Factor 1 (USF1) has been associated with familial hypercholesterolemia and
hyperlipidemia in several genome wide associate studies (GWAS) [116-119]. These associations
are in part explained through the direct transcriptional regulation of fatty acid synthase by USF1
[67, 120] and are consistent with the regulation of lipid biosynthesis by yeast Cbf1p [61, 115].
Our finding that Cbf1p controls respiration in addition to lipid biosynthesis places Cbf1p at a
pivotal point of metabolic control, the partitioning of glucose towards respiratory versus lipid
biosynthesis pathways. In yeast, CBF1-deficiency confers a strong growth defect, decreased
mitochondrial respiration and altered mitochondrial proteome on non-fermentative carbon
sources (carbon sources that promote respiration) [68]. CBF1-deficient yeast also accumulate
suppressors at an alarming rate, requiring a fresh streak from the freezer and immediate use. To
better understand Cbf1p and the restoration of respiration through these suppressors, we
performed a high-copy suppressor screen in CBF1-deficient yeast.
Herein we report the isolation of 12 genes that rescue the CBF1 respiratory deficiency on
plate when overexpressed (high copy suppressors). These genes are involved in transcription,
DNA quality control, and cell cycle progression while none have been previously associated with
a respiratory phenotype. We further characterized these genes by assessing effects of gene
knockout on cellular respiration, cell cycle progression, and oxidative stress resistance. The
function of one of these suppressors, Pears and Lemons 1 (Pal1p), remains largely unknown and
is further characterized herein as a player in mitophagy. These results increase our understanding
of the interconnected nature of mitochondrial function with pathways for cellular health.
2.3 Materials and Methods
2.3.1 Strains, Plasmids, and Primers
A list of strains, plasmids, and primers used in this study are provided in Table 2-1 [68,
121, 122]. All plasmids were constructed for this study using standard polymerase chain
reactions (PCR) to amplify target genes, followed by restriction digest and ligation using
enzymes from New England Biolabs [123]. Yeast strains that accumulate suppressors at a rapid
rate (cbf1, pal1, exo1, tye7) and were used fresh from the freezer.
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Table 2-1. Strains, Plasmids, and Primers

Strain
JGY43

Background
BY4741

JGY1227

BY4741

JGY1391

BY4743

JGY1393

BY4743

JGY1394

BY4743

JGY1392

BY4743

JGY1395

BY4743

JGY1396

BY4743

JGY1461

BY4743

JGY1462

BY4743

JGY1463

BY4743

JGY1436

BY4741

JGY1437

BY4741

JGY1590

BY4741

JGY1596

W303

JGY1694

BY4741

JGY1695

BY4743

Y2H
Gold
JGY1031

--

Genotype
His3D1 leu2D0
met15D0 ura3D0
cbf1::KanMX4 his3-1,
leu2-0, met15-0, ura3-0
hms1::KanMX4, his3-1,
leu2-0, lys2-0, ura3-0
sfg1::KanMX4, his3-1,
leu2-0, lys2-0, ura3-0
cot1::KanMX4, his3-1,
leu2-0, lys2-0, ura3-0
mck1::KanMX4, his3-1,
leu2-0, lys2-0, ura3-0
pal1::KanMX4, his3-1,
leu2-0, lys2-0, ura3-0
rim11::KanMX4, his31, leu2-0, lys2-0, ura3-0
tye7::KanMX4, his3-1,
leu2-0, lys2-0, ura3-0
exo1::KanMX4, his3-1,
leu2-0, lys2-0, ura3-0
pcl10::KanMX4, his3-1,
leu2-0, lys2-0, ura3-0
cbf1::leuMX4,
pJG1125, his3D1,
leu2D0, met15D0,
ura3D0
cbf1::leuMX4,
pal1::KanMX4, his3D1,
leu2D0, met15D0,
ura3D0
Om45-GFP-His, his3-1,
leu2-0, met15-0, ura3-0
atg1::KanMX, Om45GFP-His, ade2, ade6,
can1-100, his3-11,15,
leu2-3,112, trp1-1, ura31
cbf1::KanMX, Om45GFP-His, his3-1, leu20, met15-0, ura3-0
pal1::KanMX, Om45GFP-His, his3-1, leu20, lys2-0, ura3-0
LYS2::GAL1UASGAL1TATAHis3GAL2UAS-

Name
WT

a/α
a

Reference/Source
Winzeler et. al

cbf1

a

Winzeler et. al

hms1

a

sfg1

a

cot1

a

mck1

a

pal1

a

rim11

a

tye7

a

exo1

a

pcl10

a

Janet Shaw, University of
Utah
Janet Shaw, University of
Utah
Janet Shaw, University of
Utah
Janet Shaw, University of
Utah
Janet Shaw, University of
Utah
Janet Shaw, University of
Utah
Janet Shaw, University of
Utah
Janet Shaw, University of
Utah
This study

DKO Parent

a

This study

pal1/cbf1

a

This study

WT-Om45GFP
atg1-Om45GFP

a

This study

a

This study

cbf1-Om45GFP

a

This study

pal1-Om45GFP

a

This study

Y2H Gold

a

Clontech
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JGY1097

--

Plasmid

Gene

pJG725

EV

pJG728

Gal2TATAAde2URA3::MEL1UA
S-MEL1TATA,AUR1CMEL1, ura3-52, his3200, ade2-101, trp1901, leu2-3, 112,
gal4del, gal80del, metpGADT7 cDNA mating
Library
Description

library

α

This study

Backbone

Selection

ADH promoter-Myc

pRS416

Yeast
Origin
CEN

Library

Yeast Genomic Library

pRS426

2μ

URA

pJG1125

CBF1

pJG725

CEN

URA

pJG1495

HMS1

pRS426

2μ

URA

pJG1497

MCK1

pRS426

2μ

URA

This study

pJG1496

SFG1

pRS426

2μ

URA

This study

pJG1498

PAL1

pRS426

2μ

URA

This study

pJG1500

RIM11

pRS426

2μ

URA

This study

pJG1637

COT1

pRS426

2μ

URA

This study

pJG1618

EXO1

pRS426

2μ

URA

This study

pJG1614

TYE7

pRS426

2μ

URA

This study

pJG1622

JIP5

pRS426

2μ

URA

This study

pJG1627

AVO1

pRS426

2μ

URA

This study

pJG1708

FLP1

pRS426

2μ

URA

This study

pJG1640

PCL10

pRS426

2μ

URA

This study

pJG1147

RFP

ADH promoter-MycCBF1
Overexpression from
pJG728
Overexpression from
pJG728
Overexpression from
pJG728
Overexpression from
pJG728
Overexpression from
pJG728
Overexpression from
pJG728
Overexpression from
pJG728
Overexpression from
pJG728
Overexpression from
pJG728
Overexpression from
pJG728
Overexpression from
pJG728
Overexpression from
pJG728
Mitochondrial Marker,
PreF0ATPase

Reference/
Source
DeMille et.
al
Jared Rutter
et. al,
University
of Utah
DeMille et.
al
This study

pYX142

CEN

LEU

pJG1671

GFP

--

--

URA

Janet Shaw,
University
of Utah
Katrina
Cooper,

ER Marker

URA
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pJG1630

PAL1

pJG1643

PAL1

pJG485
pJG1647

EV
PAL1

Primer
JG3947
JG3948
JG4425
JG4426
JG4043
JG4045
JG4014
JG4015
JG2503
JG2634
JG3638
JG3639
JG4522
JG4523

PAL1 full length, Y2H
(pJG485)
PAL1 truncation, Y2H
(pJG485)
Y2H Bait
ADH promoter-MycPAL1

pGBKT7

2μ

TRP

Rowan
University
This study

pGBKT7

2μ

TRP

This study

pGBKT7
pRS725

2μ
CEN

TRP
URA

Invitrogen
This study

Sequence
CTCTTTCTTGGGAGGTAACTCTG
GGGAAACGAGAATATTTAGAAAGGG
CAATTCATGGGAAAGTAAAGCTATCT
GCGCATCACGATTTATCATCCTTC
GGCGAATTCGGTGGTGGTGGAAAGAGAAAAAGTAAGGTTATTGTTC
GCCGTCGACACCGGCCGGCGCCCCATCTAAAAAC
GGCGAATTCATGGAGAATAGAAACAGTAGTACCTCTAG
GGCGTCGACTTACTGACTTTTCCTGCCGACCTTTAGAC
GTAATACGACTCACTATAGGGC
GAAATTGAGATGGTGCACGATGC
CCG CTA CAG GGC GCG TCG CG
CCG ACT GGA AAG CGG GCA GTG
TTT GAC TCT CCT GCC TGC ATG GTG
AAT AGC CCT GCG TTC ACA AAC TCG

2.3.2 High Copy Suppressor Screen (HCSS)
A library of plasmids (pJG728) were transformed into CBF1-deficient yeast (JGY1227),
and then plated onto synthetic glucose media lacking uracil (SD-Ura). A positive control
(pJG1125) and negative control (pJG725) were transformed in simultaneously and plated onto
SD-complete (SDC). Plates were grown for 36 hours at 30°. The plates were then replica printed
onto synthetic complete with 2% glycerol/ethanol (SGEC) and grown 48 hours at 30°. Large
colonies indicated a plasmid had been transformed in that was able to recover the growth
deficiency of CBF1-deficient yeast, and these colonies were PCR amplified (JG3638 and
JG3639) to identify plasmids bearing CBF1. Plasmids from the colonies of unique hits (those not
containing CBF1 full length or truncation) were purified and sequenced to identify suppressors.
2.3.3 Spot Dilutions
In total 32 strains pulled from the HCSS were investigated further by performing spot
dilutions. A CBF1 knockout (JGY1227) was transformed with CBF1 on plasmid (pJG1125) and
used as a positive control (JGY1265) while an empty vector transformation was a negative
control (JGY1262). Frozen stock of each overexpression strain (for example, pMCK1,cbf1;
pSFG1,cbf1; pHMS1,cbf1; pPAL1,cbf1; pRIM11,cbf1; pCOT1,cbf1; pTYE7,cbf1; pEXO1,cbf1;
pJIP5,cbf1; pAVO1,cbf1; pFLP1,cbf1; pPCL10,cbf1) was streaked to SD-Ura and grown for 48
hours at 30°. Liquid cultures were then started in 5 ml of SD-Ura and grown for 48 hours at 30°.
The saturated cultures were serially diluted by a factor of ten to 10-4 and then 5 μl of the dilutions
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and stock culture were spotted on SD-Ura and SGE-Ura agar. Plates were grown at 30° for 24
hours and then at RT until sufficient growth was observed and pictures were taken.
Spot dilutions of nine single knockouts (hms1, sfg1, cot1, mck1, pal1, rim11, tye7, exo1,
pcl10) and one double knockout (pal1/cbf1) were also performed. The double knockout was
made by taking JGY1436 (cbf1::leuMX4, pJG1125, CBF1) and transforming PCR amplified
KanMX4 (JG3947 and JG3948 for PAL1). The plasmid bearing CBF1 was removed by selection
on SDC containing 5-FOA. WT was used as a control for single knockouts and the CBF1
knockout was also included for comparison. Knockouts were streaked to YPAD and grown for
48 hours at RT. Liquid cultures were then started in 5 ml of YPAD and grown for 48 hours at
30° for single and double knockouts. The cultures were diluted as described above and spotted
on SDC and SGEC.
2.3.4 Cell Cycle Analysis
WT and the 10 knockout yeast cbf1, hms1, sfg1, cot1, mck1, pal1, rim11, tye7, exo1, and
pcl10 were streaked from frozen onto YPAD and grown for two days at RT. Then colonies were
grown in 5 ml YPAD for 48 h at 30° shaking. Cultures were diluted 50-fold into 5 ml YPA-GE
and grown 12 h at 30° shaking. Yeast cultures were prepared and flow cytometry (CytoFLEX,
Beckman Coulter) was performed according to Rosebrock [124] (n=4).
Cell cycle FCS files were analyzed using the univariate Watson model provided for in the
cell cycle analysis platform in FlowJo™ Software v10.6.2, LLC. In brief, the Watson model
identifies the G0/G1 peak as the bin with the most cells in the low intensity spectrum. This is
then centered around a Gaussian probability distribution on that peak. The G2/M peak is
identified with the same curve fit as G0/G1 in the region of two times the mean of the G0/G1
peak. The S phase distribution is fit has no assumptions and is fit using a polynomial function.
For further details, refer to the FlowJo™ Software application site. The main population was
gated for in unstained samples (gate 1). A gate was then set for FITC intensity in the unstained
(FITC-A). Both gates were applied to corresponding treatment samples. The cell cycle platform
was applied to the FITC-A gate. Constraints were set for G1 and G2 phases in unstained samples
and the coefficient of variation was constrained to be equal for both the G1 and G2 peaks.
Following constraints, statistics were recorded for G1, S and G2. Statistical significance was
found using an ANOVA and Tukey's post-hoc test in Prism 8 (GraphPad).
2.3.5 Oxidative Stress Test
WT and the 10 knockout yeast cbf1, hms1, sfg1, cot1, mck1, pal1, rim11, tye7, exo1, and
pcl10 were streaked from frozen onto YPAD and grown for two days at RT. Then colonies were
grown in 5 ml YPAD for 24 h at 30° shaking. From each culture an equivalent of 1 ml of
OD600=1 was centrifuged and resuspended in 500 μl of water, spread on YPAD or YPA-raffinose
plates, and allowed to dry. Then 5 μl of 7.5% hydrogen peroxide was spotted on the plates twice.
After two days the zone of inhibition was measured in millimeters. Statistical significance was
found using an ANOVA and Tukey's post-hoc test in Prism 8 (GraphPad).
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2.3.6 Whole Yeast Respiration Assay
A detailed explanation for the entire Seahorse (XFp Analyzer, Agilent) protocol is
contained within the Supplementary Protocol of Appendix A but will be briefly explained here.
Knockout strains were streaked onto YPAD and then liquid cultures were started in SDC. During
this time a Seahorse Cell Culture Plate was also prepared for cell seeding on the day of the assay.
Overnight cultures were diluted into SGEC after which cells were plated and allowed to incubate
until the beginning of the respiration assay. CBF1-deficient cells transformed with either pCBF1
or pPAL1 (JG1265, JG1444) on plasmid or an empty vector (JG1262) were cultured with uracil
dropout media. While preparing the cell culture plate the wells and moats of the sensor cartridge
utility plate were filled with XF calibrant and placed in a non-CO2 humidified 37° incubator
overnight. Carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP, Sigma C2920) and
triethyltin chloride (TET, Santa Cruz Biotechnology, SC-280150) used to test different
respiratory conditions were prepared the day of the assay. Injection ports A and C of the sensor
cartridge were loaded with 20 μl of S-Complete, port B TET, and port D FCCP. The sensor
cartridge and utility plate were loaded into the XFp Analyzer for initial calibration.
Measurement cycles were performed as a 3 min mix, no wait, and 3 min measurement.
Basal respiration was measured three times, port A injection twice, port B four times, port C
twice, and port D four times. OCR was normalized to viable cells by plating serial dilutions of
cell cultures on YPAD and calculating CFU/μl. A baseline basal respiration was found within
each experiment and each timepoint was found as a percentage. Statistical significance was
found using a one-way ANOVA and Dunnett's post-hoc test (WT was used for comparison) in
Prism 8 (GraphPad).
2.3.7 Mitochondrial Content Flow Cytometry
WT, cbf1, and pal1 strains, were streaked to SDC, WT, pRFP; cbf1, pRFP; pal1, pRFP;
were streaked to SD-Leu, WT, pGFP; cbf1, pGFP; pal1, pGFP; were streaked to SD-Ura, and
WT, pRFP, pGFP; cbf1, pRFP, pGFP; pal1, pRFP, pGFP; were streaked to SD-Leu-Ura from
frozen and grown for 54 h at RT. Individual colonies were used to inoculate 5 ml of glucose
dropout media and grown for 42 h at 30° while rotating. Saturated cell culture (100 μl) was then
diluted into 5 ml of the respective dropout media with glycerol/ethanol and grown for 6 h at 30°.
All samples and controls were run on a BD Accuri C6 Plus Flow Cytometer to 50,000 events.
Mean fluorescence was measured and analyzed using FlowJo v9 software and WT controls were
used for compensation. No difference in autofluorescence was found between any strains no
color control. The assay was performed four times resulting in 20 cultures of each strain being
analyzed and a one-way ANOVA with Tukey's post-hoc test was used for statistical analysis in
Prism 8 (Graphpad).
2.3.8 Confocal Microscopy of Mitochondrial Volume
WT, pRFP; cbf1, pRFP; and pal1, pRFP strains were streaked from frozen onto SD-Leu
and allowed to grow for 48 hours at RT. Single colonies were used to inoculate 5 ml of SD-Leu
and grown for 24 h at 30°. A fifty fold dilution was made into 5 ml of SGE-Leu and grown for 6
h at 30°. Cells were observed on an Olympus IX81 Confocal Microscope. The settings for image
capture are as follows, laser 543 nm, HV 900V, gain 1x, offset 5%, z-spacing 0.25 μm. Images
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captured were analyzed in ImageJ and MitoGraph according to Viana [125]. The output Volume
from Voxels was used for statistical analysis (WT, pRFP, n=156; cbf1, pRFP, n=140; pal1,
pRFP, n=158). A one-way ANOVA and Tukey's post-hoc test was used, Prism 8 (GraphPad).
2.3.9 Yeast Two-Hybrid Screen
Protein binding partners were identified using Y2H Matchmaker Gold protocol
(Clontech). The yeast strain JGY1031 (Y2H Gold, Clontech) expressing PAL1 truncated at
amino acid 223 (pJG1643) or full length PAL1 (pJG1630) were plated with yeast expressing the
yeast library cDNA (JGY1097) [68]. The yeast colonies that grew after mating on selection
plates (SD-Ade-His-Leu-Trp) were patched to verify phenotype and were sequenced at the BYU
DNA sequencing center after PCR (primers JG2503 and JG2634). Identification and verification
of insert were done using BLAST to the nucleotide sequence with e-value less than e-50 and
confirming that it was in phase. To confirm positive interactions the insert plasmid of hits was
purified from the yeast and re-transformed into naïve yeast (Y2H Gold, Clontech) at the same
time as the plasmid used in the screen, or empty vector bait plasmid (pJG485, pGBKT7,
Clontech). The resulting colonies were selected on SD-Leu-Trp to verify the presence of both
plasmids and streaked on SD-Ade-His-Leu-Trp to verify the positive interaction. Tests were
performed in triplicate.
2.3.10 Protein Mass Spectrometry Co-Purification
PAL1 was PCR amplified (JG4014, JG4015) and inserted into pJG725 to have a myc tag
and transformed into WT yeast to produce JGY1677. A 5 ml overnight culture of yeast was
grown in 500 mL of SD-Ura for 6 hr. Yeast were centrifuged at 3500 rpm for 3 min, resuspended
in myc lysis buffer (1L 10x: 200 mM HEPES, 100 mM KCl, 10 mM EDTA, 10 mM EGTA, 500
mM NaCl, pH 7.4), and were lysed using a cell disruptor (M-110L Microfluidizer Processor,
Microfluidics) at 4°. Lysed cells were then spun down twice at 12,000 rpm for 30 min. The
supernatant was removed and incubated at 4° for 2-3 h with magnetic myc beads (Cell Signaling
Technologies). The beads were collected using a magnetic strip and were incubated with elution
buffer (10 mM KCl, 270 mM Imidazole, 50 mM HEPES, 100 mM NaCl, pH 7.8). Western
blotting was performed to confirm presence of Pal1p. Samples were sent to the UCSD
Biomolecular and Proteomics Mass Spectrometry Facility for protein identification.
2.3.11 Mitophagy Assay
WT-Om45-GFP, atg1-Om45-GFP, cbf1-Om45-GFP, and pal1-Om45-GFP cells were
grown and samples processed for measuring mitophagy according to Kanki [126]. Om45-GFP
and His marker was PCR amplified from WT-Om45-GFP using primers JG4522 and JG4523
and transformed into cbf1 and pal1 cells to create cbf1-Om45-GFP and pal1-Om45-GFP strains.
After processing, samples were frozen and thawed before loading onto SDS-PAGE gel. A
standard Western blotting procedure was used with the following details. Protein was transferred
onto nitrocellulose paper using a Bio-Rad Trans-Blot Turbo machine at 1 A, 25V, for 15 min.
Ugp1p probing was used as a loading control and blots were stripped between probing GFP and
Ugp1p. The GFP antibody was obtained from Santa Cruz Biotechnology sc-8334 and used at a
1:1000 dilution in 5% BSA, TBST. The Ugp1p antibody was provided by Jared Rutter of the
University of Utah [127] and used at a 1:1000 dilution in 5% BSA, TBST. Secondary antibody
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was obtained from Southern Biotech 4010-05 (Goat Anti-Rabbit Ig, Human ads-HRP) and used
at a 1:10,000 dilution in 10% milk, TBST. GFP blots were exposed to film paper for 5 min and
Ugp1p was exposed for 1 second. An n=4 was performed and statistical significance was found
using a one-way ANOVA and Tukeys's post-hoc in SAS JMP Pro 15.0.
2.4 Results and Discussion
Table 2-2. High copy suppressors of CBF1

Gene

Human
Homolog

Description*

Table 2-2. High copy suppressors of CBF1

Transcription Factor
HMS1/YOR032C
Table
2-2. High copy suppressors of CBF1
SFG1/YOR315W
Table 2-2. High copy suppressors of CBF1

TYE7/YOR344C

bHLH protein that suppresses pseudohyphal filamentation defect of a
diploid mep1 mep2
Putative transcription factor required for growth of superficial
pseudohyphae
bHLH protein that binds E-boxes and activates glycolytic genes

DNA/RNA Regulation/Modification
EXO1/YOR033C

EXO1

FLP1/R0010W
MCK1/YNL307C

5'-3' exonuclease and flap-endonuclease involved in recombination
and DSB repair
Required for 2-micron plasmid propagation; compensates for copy
number decreases

GSK3A

Dual-specificity ser/thr and tyrosine protein kinase; role in
chromosome segregation
Replication/Cell Division

AVO1/YOL078W

Component of a membrane-bound complex containing the Tor2p
kinase

PCL10/YGL134W

Recruits, activates, and targets Pho85p cyclin-dependent kinase to its
substrate
Protein kinase required for signal transduction during entry into
meiosis
Ribosomal Production
Required for biogenesis of the large ribosomal subunit

RIM11/YMR139W

GSK3B

JIP5/YPR169W

Vacuolar Function
COT1/YOR316C

SLC30A10

Vacuolar transporter that mediates zinc transport into the vacuole
Unknown

PAL1/YDR348C

Protein of unknown function found at cell periphery during early
stages of endocytosis

* Both common and systematic names are provided with functional descriptions as found on the Saccharomyces cerevisiae
Genome Database website.
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Figure 2-1. Overexpression of 12 different genes recovers growth of cbf1 yeast. Initial overnight cultures and 10fold dilutions were plated onto synthetic media lacking uracil with either dextrose (fermentative media) or
glycerol/ethanol (respiratory media) as a carbon source. CBF1-deficient yeast transformed with either CBF1 on
plasmid or an empty vector were used as positive and negative controls, respectively.* Both common and

2.4.1 A high-copy suppressor screen reveals 12 genes that suppress growth deficiency in
cbf1 yeast
A high-copy suppressor screen of the cbf1 growth defect was performed to uncover novel
functions of CBF1 as well as related proteins and pathways. From this screen, 32 constructs were
investigated further for their effect on respiration by plasmid purification and retransformation
into naïve CBF1-deficient yeast. As seen in Figure 2-1, plasmids expressing 12 different genes
were shown to encode true suppressors of the cbf1 strain on glycerol/ethanol plates (respiratory
growth), and often provide suppression of the smaller fermentative growth defect on glucose.
The reported biological role of each of these twelve suppressors is provided in Table 2-2.
2.4.2 Several CBF1 suppressors appear to coordinate cellular respiration with growth and
division, ensuring DNA quality control
To our knowledge, none of the 12 suppressors have a respiratory function, however eight
have known roles that may explain their ability to restore respiratory growth to CBF1-deficient
yeast. As mentioned above, USF1 (the human CBF1 homolog) has known roles in the regulation
of lipid biosynthesis [61, 67, 115, 120] and has been associated with hyperlipidemia and
hypercholesterolemia in several studies [116-119], consistent with the regulation of lipid
biosynthesis by yeast Cbf1p [61, 115]. These associations are in part explained through the direct
transcriptional regulation of fatty acid synthase by USF1 [67, 120] in which USF1 partners with
several other transcription factors to control gene expression. Cbf1p is also well-known to
directly bind and collaborate with several other transcription factors [62, 128-131]. This screen
has likely identified several more Cbf1p-dependent co-transcriptional regulators.
At least five high-copy suppressors (Hms1p, Sfg1p, and Tye7p; Mck1p and Rim11p)
may collaborate with Cbf1p by enhancing transcriptional regulation. Three suppressors (Hms1p,
Sfg1p, and Tye7p) are known transcription factors which may suppress CBF1-deficiency simply

Figure 2-1. Overexpression of 12 different genes
recovers growth of cbf1 yeast. Initial overnight
cultures and 10-fold dilutions were plated onto
synthetic media lacking uracil with either dextrose
(fermentative media) or glycerol/ethanol (respiratory
media) as a carbon source. CBF1-deficient yeast
transformed with either CBF1 on plasmid or an
empty vector were used as positive and negative
controls, respectively.
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Figure 2-2. CBF1-deficiency and select
suppressors alter cell cycle progression and are
sensitive to oxidative stress. A. Cell cycle
population counts of WT, pal1, and exo1 cells. Cells

by enhancing their own activity through overexpression. Hms1p and Sfg1p are putative
transcription factors involved in pseudohyphal growth, which may require the correct metabolic
activation to support growth [132, 133], while Tye7p is a transcription factor known to activate
glycolytic genes and may thereby enhance respiration [134]. Mck1p and Rim11p are protein
kinases that are known to phosphorylate and activate transcription factors, which may then
associate with Cbf1p. Mck1p is known to phosphorylate the Cbf2p transcription factor, a
component of the centromere [135], while Rim11p phosphorylates and activates Ime1p and
Ume6p [136, 137], two transcription factors that work together as the master regulators of
meiosis, suggesting these suppressors may have overlapping targets with Cbf1p to appropriately
coordinate respiration, cell division, and pseudohyphal growth while overexpression may allow
them to function without Cbf1p. Alternatively, they may independently activate the same
pathways as Cbf1p.
Pcl10p, Avo1p, and Exo1p were also retrieved from the suppressor screen and reinforce
the potential connection of Cbf1p to cell cycle progression. Pcl10p is a cyclin of Pho85p kinase,
which regulates cell cycle progression [138, 139], while Avo1p is a subunit of the Tor2p kinase,
required for cell cycle-mediated cytoskeleton polarization [140]. Exo1p is a known exonuclease
1 that functions in mitotic recombination as well as mismatch repair [141]. We, therefore,
measured the cell cycle effects of Cbf1p and nine of the suppressors (including HMS1, SFG1,
COT1, MCK1, PAL1, RIM11, TYE7, EXO1, and PCL10) through analysis of their knockout
strains under respiratory conditions. The remaining three were not investigated in this way
because they are either essential (JIP5 and AVO1) or plasmid-based (FLP1, present on 2μ
plasmids) making a knockout difficult. Both pal1 and exo1 yeast exhibited higher percentages of
their cell populations in G2 phase 31.8±3.4% and 31.8±3.0%, respectively, compared to WT
13.6±3.5%, p<0.02 (Figure 2-2A,B). CBF1 deficient cells did not measurably affect cell cycle
progression however Cbf1p is well known to bind to the kinetochore/centromere to influence
chromosome segregation, thus the cell cycle connections through Palp and Exo1p uncovered in
our screen support this previously characterized role [108, 142-147].
The remaining four suppressors have no obvious link to respiration. One suppressor
(Flp1p) is involved in chromosome stability, more specifically recombination and repair and
copy number of the 2μ plasmid [148, 149]. Jip5p is required for biogenesis of the large
ribosomal subunit [150] and may increase viability through enhanced protein expression. The
final two, Cot1p and Pal1p have less obvious suppression pathways. Cot1p mediates vacuolar
zinc transport [151], while little is known about Pal1p.
Due to the prevalence of these suppressors involvement in processes for DNA quality
control, including recombination and repair and mitosis/meiosis pathways, we proceeded to test
resistance to oxidative stress. While oxidative stress also negatively affects lipids and proteins it
is a major factor in DNA damage [152-154]. Hydrogen peroxide was spotted onto yeast plated
on both fermentative and respiratory carbon sources (glucose and raffinose respectively) and the
zone of inhibition (ZOI) was measured. Under fermentative conditions the ZOI of WT was
19.9±0.55 mm compared to 25.2±0.28 mm (cbf1), 25.3±0.75 mm (mck1), 24.7±0.40 mm (pal1),
24.0±0.66 mm (pcl10), and 25.4±0.52 mm (exo1), p<0.001 (Figure 2-2C). Strains with
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significantly larger ZOI than WT were consistent between both carbon sources. Given the
functions of the other suppressors, cell cycle results, and effects of oxidative stress, Cbf1p and
suppressors appear to coordinate respiration with cellular growth and DNA quality control.

Figure 2-2. CBF1-deficiency and select suppressors alter cell
cycle progression and are sensitive to oxidative stress. A. Cell
cycle population counts of WT, pal1, and exo1 cells. Cells were
stained with Sytox Green Nucleic Acid Stain. B. Both pal1 and
exo1 cells contained a significantly higher percentage of their cell
population in G2 phase than WT (n=4). C. Oxidative stress
caused by hydrogen peroxide resulted in larger zones of
inhibition (mm) in cbf1, mck1, pal1, pcl10, and exo1 cells than
WT. Hydrogen peroxide (7.5%, 5μl) was spotted on to freshly
plated cells on YPAD (dextrose) (n=6). All error bars represent
SEM and statistical significance was found using a one-way
ANOVA and Tukey’s post-hoc test.

Figure 2-3. Single knockouts of CBF1 high copy suppressors all
display respiratory defects on plate, while only three display
defects in Seahorse respiration assays.Figure 2-2. CBF1deficiency and select suppressors alter cell cycle progression
and are sensitive to oxidative stress. A. Cell cycle population
counts of WT, pal1, and exo1 cells. Cells were stained with
Sytox Green Nucleic Acid Stain. B. Both pal1 and exo1 cells
contained a significantly higher percentage of their cell
population in G2 phase than WT (n=4). C. Oxidative stress
caused by hydrogen peroxide resulted in larger zones of
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Figure 2-3. Single knockouts of
CBF1 high copy suppressors all
display respiratory defects on
plate, while only three display
defects in Seahorse respiration
assays. A. Single knockouts of
nine high copy suppressors were
grown overnight in
YPAD(dextrose) and spotted by
ten-fold dilutions on to synthetic
media with dextrose (SDC) or
glycerol/ethanol (SGEC). B. All
nine knockouts tested on plate
with the addition of the cbf1 cells
were tested in Seahorse respiration
assays in SGEC media after
growth in SDC. Respiratory
profiles of all strains are shown in
Supplementary Figure 1 whereas
only those with significant
differences are shown here, with
the exception of EXO1-deficient
yeast (n=3) which displayed no
respiration. Both cbf1 (n=4) and
pal1 (n=3) strains are significantly
lower than WT (n=10) at all
timepoints (p<0.0001) and tye7
(n=3) at all timepoints (p<0.01).
Statistical significance was found
with a one-way ANOVA and
Dunnett’s post-hoc test compared
to WT. Dotted lines represent
injections of mitochondrial
inhibitory and uncoupler drugs
TET and FCCP. Error bars
represent SEM.

Figure 2-4. Overexpressed PAL1
recovers respiration in cbf1
yeast and a cbf1/pal1 double
knockout shows oxygen
consumption and growth defects
under respiratory
conditions.Figure 2-3. Single
2.4.3 Several single knockout strains display respiratory growth defects
tye7,
knockoutsincluding
of CBF1 high
copy
exo1, mck1 and pal1
suppressors all display
respiratory
on plate,
The respiratory role of nine of the suppressors was investigated
further defects
by determining
if
while only three display defects
their deficiency causes a corresponding defect in respiratory growth (growth
on glycerol/ethanol)
in Seahorse respiration assays.
since their overexpression restores growth on glycerol/ethanol. Of theA.nine
knockouts,
and
Single knockouts of tye7
nine high
copy
suppressors
were
grown
exo1 produced dramatic growth defects on glycerol/ethanol versus glucose, with mck1 and pal1
overnight in YPAD(dextrose) and
displaying minor respiratory growth defects (Figure 2-3A), however mck1
and pal1strains
spotted by ten-fold dilutions on to
appeared to rapidly accumulate suppressors (one to three of five colonies
tested
wild
synthetic
mediaappeared
with dextrose
(SDC) or glycerol/ethanol
(SGEC). B. All nine knockouts 20
tested on plate with the addition of
the cbf1 cells were tested in
Seahorse respiration assays in
SGEC media after growth in SDC.

type). EXO1-deficient cells also displayed growth defects on glucose media that were
exacerbated on respiratory carbon sources indicating additional functions associated with nonrespiratory growth.
To determine if the knockout yeast display actual respiratory defects rather than a growth
defect on respiratory carbon sources, OCRs of WT and 10 knockout strains (nine suppressors
and cbf1 yeast) were measured using a Seahorse XFp Analyzer (Supplementary Figure 1).
Measurements were taken in basal, inhibited, and uncoupled respiratory environments and are
represented as percent of average baseline basal respiration (see Materials and Methods for
calculations). As previously reported, cbf1 yeast consumed significantly less oxygen than WT
[61, 68], this was reaffirmed here at all timepoints under all conditions (p<0.0001). Of the nine
newly tested strains, only three were found to have significantly lower OCRs than that of WT,
including tye7, exo1 and pal1 yeast (Figure 2-3B). A one-way ANOVA and Dunnett’s post-hoc
test were performed to find significance, variance is SEM. On average, at all timepoints, tye7,
pal1 and cbf1 yeast consumed 50±0.9%, 29±0.3% and 27±0.4% as much oxygen as WT,
respectively. Exo1 rates were so low they were unmeasurable. These results are consistent with
the knockout phenotype seen on plate, however the pal1 respiratory defect is much more severe
than its growth defect.
Tye7 yeast displayed reduced respiration at all timepoints (p<0.01) (Figure 2-3B). In
three separate large-scale studies a genetic interaction has been suggested between TYE7 and
CBF1, although no elaboration has been made [155-157]. As discussed above, this interaction is
unsurprising as Tye7p is a basic helix-loop-helix transcription factor (bHLH-TF) that binds to
the E-boxes of glycolytic genes and has been associated with Ty1-mediated gene expression
[134, 158, 159]. Cbf1p (a bHLH-TF) knockout is also suggested to result in decreased Ty1
mobility (Supplementary Data Table S1 of [160]). Combined, this data suggests these
transcription factors may work together to promote respiration.
The exo1 strain consumed no oxygen at any time confirming the dramatic phenotype seen
on plate. EXO1 is considered a non-essential gene that takes part in double stranded break repair,
mitotic recombination and telomere maintenance [161, 162]. A null mutant does result in
decreased cell size (large scale study) [163] but hasn’t been associated with any respiratory
phenotype. In these experiments, the exo1 yeast barely grew on glucose and do not grow at all on
glycerol/ethanol suggesting that it is essential under respiratory conditions and confers other
systemic defects during fermentation.
Pal1p, on the other hand, has very little characterization and its role in respiration is
completely unknown despite is strong respiration defect at all timepoints, p<0.0001. A genetic
interaction has been suggested with EXO1 and PAL1 in a large scale study [157] and with the
drastic respiratory phenotype exo1 cells produced in this study lends itself to the idea that PAL1
may be involved in DNA quality control. The results from this study are all the more interesting
because the strains pal1 and exo1 also showed cell cycle defects and were highly susceptible to
oxidative stress, suggesting they act to coordinate DNA quality control and respiration. Because
the molecular function of Pal1p is still unknown it became a focus of the rest of this study.
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Figure 2-4. Overexpressed
PAL1 recovers respiration in
cbf1 yeast and a cbf1/pal1
double knockout shows oxygen
consumption and growth
defects under respiratory
conditions. A. The cbf1 yeast
were transformed with pCBF1,
overexpressed pPAL1, or empty
vector and were tested in
Seahorse respiration assays in
SGE-Ura media after growth in
SD-Ura. The pPAL1/cbf1 strain
(n=8) had higher respiration than
pEV/cbf1 (n=8) at all timepoints
(p<0.01) and lower than
pCBF1/cbf1 (n=8) (p<0.05). B.
The cbf1/pal1 (n=8) yeast showed
significantly lower respiration
than WT (n=6) at four timepoints,
10, 11, 13, and 14 (marked on
graph); p-values ranged from
0.026 to 0.045. Single knockouts
assayed concurrently with the
double knockout were not
significantly different than the
double knockout. Statistical
significance in the Seahorse
assays was found with a one-way
ANOVA and Tukey’s post-hoc
test. Dotted lines represent
injections of mitochondrial
inhibitory and uncoupler drugs
TET and FCCP. Error bars
represent SEM. C. Serial dilutions
of WT, cbf1, pal1, and pal1/cbf1
deficient strains were made and
spotted by ten-fold dilutions on to
SDC (dextrose) and SGEC
(glycerol/ethanol).

Figure 2-5. Mitochondrial
2.4.4 Overexpression of PAL1 specifically recovers OCR in
content of pal1 yeast does not
CBF1-deficient cells and appears to function in the Cbf1p pathway
appear significantly different
Currently, four primary journal articles, two reviews, and a doctoral
dissertation
than WT, in contrast to cbf1
specifically mention Pal1p by name and assign it a function [164-170].
Two
of these
four
which
displays
a significant
increase inpombe,
mitochondrial
primary articles focus on the homolog in fission yeast Schizosaccharomyces
in which the
content.Figure 2-4.
pal1 strains had morphological defects causing the cells to look like pears
and lemons (wherein
Overexpressed PAL1 recovers
the protein was named) [164]. Pal1p was also found to be phosphorylated
by protein
kinase
respiration
in cbf1 yeast
and a
cbf1/pal1
double
knockout
Kin1p, which contributes to cell polarity and cytokinesis [169], consistent with the
shows oxygen consumption and
morphological defects. The third and fourth articles utilized S. cerevisiae
and found that Pal1p
growth defects under
respiratory conditions. A. The
cbf1 yeast were transformed with
pCBF1, overexpressed pPAL1, or
empty vector and were tested in
Seahorse respiration assays in
SGE-Ura media after growth in
SD-Ura. The pPAL1/cbf1 strain
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localizes to sites of endocytosis as part of a larger complex, however, pal1 knockouts were not
found to have an observable effect on clathrin-mediated endocytic capacity, and its function
therefore remains largely unknown [165, 170].
As reported above overexpressed PAL1 recovered growth in cbf1 cells when grown on
respiratory carbon sources while PAL1 deficiency resulted in both a growth defect on respiratory
carbon source and an OCR defect. However, the cell cycle defects and sensitivity to hydrogen
peroxide suggested the pal1 yeast may simply be sick. To verify Pal1p as a positive regulator of
respiration rather than simply sick, the OCR of the PAL1 overexpression strain was also
measured (Figure 2-4A). When PAL1 was overexpressed in the CBF1-deficient cells they
consumed 66±2.5% as much oxygen as pCBF1/cbf1, a 2.8X increase over the the control
plasmid (pEV), which consumed 23±1% as much oxygen as cbf1/pCBF1. A one-way ANOVA
and Tukey’s post-hoc test was performed to find significance, variance is SEM (Figure 2-4A).
The decreased respiration of pal1 cells combined with the opposing recovery of respiratory
function upon overexpression of PAL1, supports a true relationship with respiration as opposed
to a systemically sick cell type.
The epistasis of Cbf1p and Pal1p was then explored through the generation of double
knockouts of CBF1 with PAL1 (cbf1/pal1). The OCR of cbf1/pal1 was not significantly different
than either cbf1 or pal1 although it was marginally higher and relative to WT only four time
points (10, 11, 13, and 14) were lower with any statistical significance (p-value=0.026-0.045).
These four measurements all show cbf1/pal1 consuming between 58.4% and 60.7% as much
oxygen as WT (Figure 2-4B). A one-way ANOVA and Tukey’s post-hoc test was performed to
find significance. On plate the cbf1/pal1 strain also mimicked the growth of the cbf1 strain rather
than having an additive effect, suggesting pal1 is in the same pathway (Figure 2-4C).
2.4.5 Mitochondrial content of cbf1 but not pal1 cells is higher than WT
We have previously found that mitochondrial content in cbf1 cells was not significantly
different than WT (n=73, electron microscopy analysis), although we reported a trend towards
significance [61]. Herein, this difference was shown to be significant with a greater number of
cells affordable through flow cytometry, with cbf1 cells containing approximately 25% more
mitochondria (p<0.01) according to mean fluorescence readings. In addition, cbf1 cells contained
approximately 40% more ER content (p<0.05) (Figure 2-5A). Without a stably expressed
organellar standard it is difficult to determine the true significance of these changes. Therefore,
mitochondrial volume of these three strains was also measured through confocal microscopy and
MitoGraph Software [125] where it was determined that the average mitochondrial volume per
cell of WT was 3.76±0.20 μm3, cbf1 11.1±0.62 μm3, and pal1 4.56±0.19 μm3 (Figure 2-5B),
confirming the flow cytometry findings. No significant difference was found between WT and
pal1, however cbf1 had higher mitochondrial volume with p<e-9. An increase in cbf1
mitochondrial content could be a compensatory attempt to meet metabolic demands in an
inefficient system.
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Figure 2-5. Mitochondrial content of pal1 yeast does not appear significantly different than WT, in contrast to cbf1
which displays a significant increase in mitochondrial content. A. WT, cbf1, and pal1 strains were transformed with
mitochondrial (RFP) and endoplasmic reticulum (GFP) tracking plasmids. Mean fluorescence of the double stained
population of double transformed cells was measured by flow cytometry to determine mitochondrial content. Through four
separate experiments 20 cultures of each strain were analyzed with 50,000 events counted per culture. B. WT, cbf1, and pal1
strains transformed with only the RFP mitochondrial tracking plasmid were analyzed by confocal microscopy MitoGraph
software to determine mitochondrial volume (WT, pRFP, n=156; cbf1, pRFP, n=140; pal1, pRFP, n=158). Statistical
significance was analyzed by one-way ANOVA and Tukey’s post test, ns=not significant. Error bars represent SEM.

2.4.6 Characterizing Pal1p function through identification of protein interacting partners
To further elucidate the function of Pal1p, protein-protein interaction studies were
conducted using co-purification followed by mass spectrometry as well as the yeast two-hybrid
(Y2H) approach. A mass spectrometry co-purification assay was performed in triplicate and
identified one protein Arf1p to co-purify with Pal1p three times along with 48 others copurifying twice, including Arf2p, which with Arf1p aids in vesicular transport from the ER to
Golgi to plasma membrane [171, 172]. These results support the previous reported vesicular
24

localization of Pal1 along with several proteins involved in endocytosis. Additional Pal1p protein
binding partners affect mitochondrial morphology, transport and genome maintenance,
mitophagy, respiration, triglyceride biosynthesis, and cell cycle (Table 2-3).
Table 2-3. Mass Spectrometry Co-Purification Screen Hits

Gene

Description*
DNA/RNA Regulation/Modification
CYC8/YBR112C
General
transcriptional
co-repressor
* Both common and systematic names are provided with functional
DIG1/YPL049C
MAP
kinase-responsive
inhibitor
of theDatabase
Ste12p transcription factor
descriptions as found on the Saccharomyces cerevisiae
Genome
EAP1/YKL204W
website.Table 2-3. MasseIF4E-associated
Spectrometry Co-Purification
protein, accelerates
Screen mRNA
Hits
degradation by promoting decapping
NUP2/YLR335W Nucleoporin involved in nucleocytoplasmic transport
NUP85/YJR042W Contributes to nucleocytoplasmic transport and nuclear pore complex biogenesis
PDR3/YBL005W Transcriptional activator of the pleiotropic drug resistance network
POL4/YCR014C
DNA polymerase IV
RAD50/YNL250W
* Both common and Subunit
systematic
of MRX
namescomplex
are provided
involved
with
in processing
functional double-strand DNA breaks in vegetative
descriptions as found on
the Saccharomyces cerevisiae Genome Database
cells
website.
SAS3/YBL052C
Histone acetyltransferase catalytic subunit of NuA3 complex
SLK19/YOR195W Required for chromosome segregation and kinetochore clustering
SSL2/YIL143C
Component of RNA polymerase transcription factor TFIIH holoenzyme
STH1/YIL126W
ATPase component of the RSC chromatin remodeling complex
THI3/YDL080C
Activates
transcription
Table
2-4. Direct binding
partnersthiamine
of Pal1pbiosynthesis
identified through
a yeast factors Pdc2p and Thi2p
two-hybrid screen* Both common and systematic
names areTransport
provided
Intracellular
with functional descriptions
as found
on the Saccharomyces
cerevisiae
ARF1/YDL192W
Involved
in regulation
of coated vesicle
formation in intracellular trafficking within the
Genome Database website.Table 2-3. Mass Spectrometry Co-Purification
Golgi
Screen Hits
ARF2/YDL137W Involved in regulation of coated formation vesicles in intracellular trafficking within the
Golgi
GDA1/YEL042W Guanosine diphosphatase located in the Golgi
RIC1/YLR039C
Involved in retrograde transport to the cis-Golgi network
Involvednames
in COPII
vesicle formation
*SMY2/YBR172C
Both common and systematic
are provided
with functional
YIP3/YNL044W
Proposed
to be involved
in ERGenome
to GolgiDatabase
transport
descriptions
as found on
the Saccharomyces
cerevisiae
website.Table 2-3. Mass Spectrometry Co-Purification
ScreenFunction
Hits
Mitochondrial
MAM33/YIL070C Specific translational activator for the mitochondrial COX1 mRNA
MSH1/YHR120W DNA-binding protein of the mitochondria; involved in repair of mitochondrial DNA
NUM1/YDR150W Required for the association of mitochondria with the cell cortex and for accurate
distribution of mitochondrial network
RPM2/YML091C Protein subunit of mitochondrial RNase P
SOD1/YJR104C
Cytosolic copper-zinc superoxide dismutase
Replication/Cell Division
APC4/YDR118W Subunit of the Anaphase-Promoting Complex/Cyclosome (APC/C)
SGT1/YOR057W Regulates activity of adenylyl cyclase Cyr1p
VHS1/YDR247W Cytoplasmic serine/threonine protein kinase
Cell Wall Component
SCW10/YMR305C Cell wall protein with similarity to glucanases
TOS1/YBR162C
Covalently-bound cell wall protein of unknown function
Lipid Metabolism
LCB2/YDR062W Component of serine palmitoyltransferase
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PAH1/YMR165C
BPL1/YDL141W
RIM13/YMR154C
AIP1/YMR092C
URA3/YEL021W
ATG10/YLL042C
TPS1/YBR126C
CCC2/YDR270W
MON1/YGL124C
PXP2/YJR111C
YPR158C
AIM21/YIR003W
RBH1/YJL181W
RNQ1/YCL028W
SRI1/YEL025C
TMA22/YJR014W
YOR343C
YPL257W

Regulates phospholipid synthesis, nuclear/ER membrane growth, lipid droplet formation
Protein Modification/Transport
Biotin:apoprotein ligase
Involved in proteolytic activation of Rim101p in response to alkaline pH
Actin Binding/Modification
Actin cortical patch component
Amino Acid Biosynthesis
Catalyzes the sixth enzymatic step in the de novo biosynthesis of pyrimidines
Autophagy
Mediates formation of the Atg12p-Atg5p conjugate, which is a critical step in autophagy
Carbohydrate Metabolism
Synthase subunit of trehalose-6-P synthase/phosphatase complex
Metal Transport
Required for export of copper from the cytosol into an extracytosolic compartment
Nucleoside/Nucleotide Modification
Subunit of a heterodimeric guanine nucleotide exchange factor (GEF)
Peroxisomal Protein
Peroxisomal matrix protein
Retrotransposon
Retrotransposon TYA Gag gene
Unknown
Subunit of a complex that associates with actin filaments
Putative protein of unknown function
[PIN(+)] prion; an infectious protein conformation that is generally an ordered protein
aggregate
Putative protein of unknown function
Protein of unknown function; associates with ribosomes and has a putative RNA binding
domain
Putative protein of unknown function; conserved across S. cerevisiae strains
Putative protein of unknown function

* Both common and systematic names are provided with functional descriptions as found on the
Saccharomyces cerevisiae Genome Database website.

Due to the large variety of functions Pal1p appeared to be involved in, a Y2H was then
undertaken to focus on direct protein-protein binding partners. A total of 12 proteins were
identified as potential Pal1p binding partners including Gip2p, Tar1p, Scj1p, Bre4p, Pep4p,
Table 2-4. Direct binding partners of Pal1p identified through a yeast two-hybrid screen* Both
Yra1p, Rrt15p, Scs2p, Ecm21p, Ssn8p, Por1p, and Alg9p (Table 2-4). Once again verifying a
common and systematic names are provided with functional descriptions as found on the Saccharomyces
role for Pal1p
in mitochondrial health as well as vesicular transport. In total 12 direct Pal1p
cerevisiae Genome Database website.
partners and 48 indirect (60 total) were identified herein.
In further analysis, the Pal1p interactome identified herein (all 60 proteins) was merged
with previously reported interactors available on BioGrid [173] to create a more complete Pal1p
2-4. Direct
partners ofThis
Pal1p"merged
identified through
a yeast two-hybrid
screen
interactomeTable
consisting
ofbinding
130 proteins.
Pal1p interactome"
was
then compared
with the known interactome (BioGrid) of each of the 12 direct binding partners identified in this
study and larger, Pal1p related complexes were retrieved using using Cytoscape [174] by
mapping the intersection of partners. These intersections were then added to the "merged Pal1p
Table 2-4. Direct binding partners of Pal1p identified through a yeast two-hybrid screen* Both
common and systematic names are provided with functional descriptions as found on the Saccharomyces
cerevisiae Genome Database website.
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interactome" revealing 130 proteins, 300 interactions and several key complexes (Figure 2-6A).
Overall, beyond basic transcriptional control/mRNA processing (28), a majority of proteins have
roles in endosome formation, intracellular trafficking and or lipid biosynthesis (26),
mitochondrial function (19) and protein modification or degradation pathways (14), solidifying a
role for Pal1p in these pathways and suggesting its involvement in mitophagy (Figure 2-6A,
Supplementary Table 1).
Table 2-4. Direct binding partners of Pal1p identified through a yeast two-hybrid screen

Gene

*Description
DNA/RNA Regulation/Modification
SSN8/YNL025C
Cyclin-like component of the RNA polymerase II holoenzyme
YRA1/YDR381W
Nuclear polyadenylated RNA-binding protein
Table 2-4. Direct binding partners of Pal1p identifiedEndocytosis
through a yeast two-hybrid screen
BRE4/YDL231C
Protein involved in endocytosis; predicted to be an integral membrane protein
ECM21/YBL101C
Protein involved in regulating endocytosis of plasma membrane proteins
Mitochondrial Function
POR1/YNL055C
Mitochondrial porin
TAR1/YLR154W-C Potentially involved in regulation of respiratory metabolism; located in the mitochondria
Carbohydrate Metabolism
Table 2-4. Direct binding partners of Pal1p identified through a yeast two-hybrid screen
GIP2/YER054C
Putative regulatory subunit of protein phosphatase Glc7p; involved in glycogen
metabolism
Gene/Protein Expression
SCJ1/YMR214W
Located in the ER lumen where it cooperates with Kar2p to mediate maturation of
proteins
Lipid Metabolism
Table
2-4. Direct binding Integral
partnersER
of Pal1p
identified
through
a yeastphospholipid
two-hybrid screen
SCS2/YER120W
membrane
protein,
regulates
metabolism
Protein Modification/Transport
ALG9/YNL219C
Mannosyltransferase, involved in N-linked glycosylation
Vacuolar Function
PEP4/YPL154C
Vacuolar aspartyl protease
Unknown
RRT15/YLR162W-A Putative protein of unknown function
* Both common and systematic names are provided with functional descriptions as found on the
Saccharomyces cerevisiae Genome Database website.

2.4.7 Both CBF1- and PAL1-deficient yeast display impaired mitophagy
To measure mitophagy, Om45, an outer membrane protein of yeast mitochondria, was
tagged with GFP allowing free GFP to be released as mitochondria are processed during healthy
Figure 2-6. Both pal1 and cbf1 cells are defective in mitophagy (A & B) compared to WT.* Both
mitophagycommon
[126].and
Both
pal1 and
cells appear
deficient
in mitophagy
to WT, with
systematic
namescbf1
are provided
with functional
descriptions
as found oncompared
the Saccharomyces
7% and 28%
of theGenome
wild type
mitophagy
cerevisiae
Database
website. rate (Figure 2-6A,6B). The relative signal intensity with
SEM (arbitrary units, U), normalized to loading control Ugp1p, of the tested strains are as
follows WT 0.90±0.08 U, atg32 (control) 0.00±0.00 U (p=3E-6), cbf1 0.06±0.06 U (p=7E-6),
and pal1 0.25±0.09 U (p=9E-5), n=4 (Figure 2-6A, 6B).
Figure 2-6. Both pal1 and cbf1 cells are defective in mitophagy (A & B) compared to WT. A. One
representative Western blot showing the amount of Om45-GFP and free GFP in WT, atg32 (negative
control), cbf1, and pal1 cells grown in YPD (0 hr) and after 36 hr in YPL. B. Relative signal intensity of
free GFP on a Western blot was measured from cells grown in YPL for 36 hr (n=4) and averaged within
each of four strains WT, atg1 (vs. WT p=3E-6), cbf1 (vs. WT p=7E-6), and pal1 (vs. WT p=9E-5).
Relative signal intensity was normalized to a loading control protein Ugp1p. A one-way ANOVA and
Tukeys’s post-hoc test was used to find statistical significance. Error bars represent SEM.
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Figure 2-6. Both pal1 and cbf1 cells are defective in mitophagy (A & B) compared to WT. A. One representative
Western blot showing the amount of Om45-GFP and free GFP in WT, atg32 (negative control), cbf1, and pal1 cells grown in
YPD (0 hr) and after 36 hr in YPL. B. Relative signal intensity of free GFP on a Western blot was measured from cells grown
in YPL for 36 hr (n=4) and averaged within each of four strains WT, atg1 (vs. WT p=3E-6), cbf1 (vs. WT p=7E-6), and pal1
(vs. WT p=9E-5). Relative signal intensity was normalized to a loading control protein Ugp1p. A one-way ANOVA and
Tukeys’s post-hoc test was used to find statistical significance. Error bars represent SEM.
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phenotypic defects such as cell wall integrity and glycogen content were also investigated
andused
to find statistical significance. Error bars represent SEM.
are presented in Supplementary Figure 2A,B.
Table 3-1. Genome Size, predicted ORFs, and tRNAs of ValerieMcCarty Phages
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Table 3-2. Average Nucleotide Identity Comparisons of ValerieMcCarty Phages and Several
Representative Enterobacterales PhagesTable 3-1. Genome Size, predicted ORFs, and tRNAs of
ValerieMcCarty PhagesFigure 2-6. Both pal1 and cbf1 cells are defective in mitophagy (A & B) compared to WT.

2.5 Conclusion
Cellular nutrients can be utilized in hundreds of disparate metabolic pathways including
those for cellular energy production, cellular building block production, quality control and
repair or storage. Respiration is a major pathway from which nutrients are partitioned and as
such feeds into on several other critical pathways (such as cell death pathways, cell growth and
proliferation, glycogen storage, and cell integrity pathways) and is associated with a wide variety
of diseases ranging from diabetes to cancer and neurodegenerative disease [94-103]. To prevent
dysregulation, cells have evolved complex pathways for sensing cellular conditions and
regulating multiple pathways simultaneously in order to achieve coordination, including nutrient
reactive transcription factors.
The transcription factors CBF1, and its mammalian homolog USF1, have been primarily
characterized as key regulators of lipid biosynthesis [115], with alleles associated with important
disease such as hypercholesterolemia [116-119]. We have recently identified a novel role for
yeast CBF1 in the regulation of respiration and provided evidence for a conserved role for USF1
[61, 68], placing this protein as pivotal regulator in the partitioning of glucose to respiration
versus lipids and increasing its importance in human disease. Understanding how respiration is
controlled by CBF1 and how it is connected to other critical pathways is therefore imperative to
our understanding of cellular health. Herein we have identified twelve novel suppressors of cbf1
and characterized their role in the regulation of respiration (Table 2-2).
High copy suppressors identified herein posited new connections between several
transcription factors and Cbf1p which may work together for transcriptional control of glucose
metabolism with cellular growth and proliferation, including Hms1p, Sfg1p, and Tye7p. In
addition, the protein kinases Mck1p and Rim11p regulate transcription factors, some of which
including CBF2, are likely to function with CBF1 [132-137]. The suppressors also uncovered
four genes critical for respiratory growth (MCK1, TYE7, PAL1, and EXO1), with TYE7, PAL1
and EXO1 displaying dramatic deficiencies in the actual OCR of the cells (Figure 2-3).
Remarkably, many of these transcription factors and respiration-associated genes also have
reported roles in DNA quality control, including recombination and repair [161, 162],
meiosis/mitosis and specifically cell-cycle progression [136-139], consistent with the role of
CBF1 as a global transcription factor that coordinates glucose partitioning with cellular growth
and proliferation.
Of the 12 novel suppressors of CBF1, one, Pal1p, is particularly uncharacterized. PAL1deficient yeast display defects in many pathways beyond respiration as mentioned before,
including cell cycle progression and peroxide resistance (Figure 2-2). We therefore further
elucidated its function by identifying protein interacting partners (Table 2-4). These partners
identified a role for Pal1p in cell wall integrity and mitophagy (Figure 2-6). Previously, Pal1p
has only been associated with endocytosis [165, 170], and now with our findings we have
identified Pal1p as key to cellular respiration likely acting through mitophagy while uncovering a
dramatic unknown role for CBF1 in mitophagy.
This investigation into the function of CBF1 in yeast emphasizes the complexity in
phenotype cellular proteins may have, expanding its role far beyond lipid biosynthesis to the
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regulation of respiration, mitophagy and DNA quality control. In addition, this work has
important implications in understanding the coordination of respiration with cellular growth and
division, identifying several key players in this coordination.
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Chapter 3: Isolation and characterization of a family of clinical Klebsiella phages with high
genome and proteome identity but diverse host range
Daniel K. Arensa, Jessica Hawkinsa, Abraham Quayea, Diana Calvopina Chaveza, Kyson Jensena,
Ashley Millera, Elizabeth Portera, Tina Tavana, Ya Zhanga, Steven Johnsona and Julianne H.
Grosea
a

Microbiology and Molecular Biology Department, Brigham Young University, Provo, Utah

This article is dedicated to Valerie McCarty
This article is not yet submitted for publication but is in preparation. This manuscript was a
collaboration of many graduate student in the department of Microbiology and Molecular
Biology as part of a genomics training course. As the first author of the manuscript I oversaw the
training of all student authors on the manuscript, who aided with phage annotation and genomic
comparison. I confirmed all of their analyses, performed host range studies and isolated
resistance mutants. Dr. Grose isolated these phages and sequenced their DNA in an effort to
provide phage therapy for a patient with a diabetic ulcer. Our hope is that this manuscript and
the characterization of these phages herein may announce these phages to the scientific
community, making them available to another patient with a clinical Klebsiella infection.
3.1 Abstract
The rate at which bacteria are gaining resistance to antibiotics is out pacing discovery of
new drugs. Urgent and serious health threats have come in the form of Carbapenem-resistant
(CRE) and Extended-Spectrum Beta-Lactamase Producing (ESBL) Enterobacteriaceae
defeating last lines of defense. One of the most prolific genera of these bacteria is Klebsiella
which causes one-third of Gram-negative infections through the species pneumoniae. The need
for alternatives and companion treatments has never been greater. Bacteriophages are bacteria
killing viruses with high specificity to host and show great promise for treatment of antibiotic
resistant infections. Herein we report the isolation and characterization of five phages isolated
against a clinical antibiotic resistant strain of Klebsiella oxytoca, an emerging threat in the
Klebsiella genus. The phages are highly similar to each other in both genome and proteome
(>95%) and are similar to other Enterobacterales phages. Strikingly, their host recognition tail
fibers are highly variable producing a wide host range and indicating adaptive tail fiber gene
shuffling. This tail fiber variability has resulted in alternate host resistance strategies against
these highly related phages.
3.2 Introduction
The discovery of the first antibiotic penicillin in the 1920’s and its subsequent use in the
1940’s is arguably one of the most important events to occur in the history of medical science.
While estimates cannot be made as to how many lives have been saved in the last century the
effects have been profound. This event ushered in a time of rapid discovery that lasted from the
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1950’s to the 1970’s and since then has dropped off significantly with few new classes of
antibiotics discovered in recent years [175-178]. The lack of discovery has been problematic in
part due to the time and money necessary to ensure safety of novel antibiotics as well as the
emergence of clinical antibiotic resistance, which typically occurs within ten years of use [6973]. Antibiotic resistance is not new however as certain resistance groups have been dated to
millions of years ago [74-77]. In 2019 Centers for Disease Control and Prevention (CDC)
released their report “Antibiotic Resistance Threats in the United States” educating the public
concerning several urgent, serious, and concerning bacterial threats to public health, with little to
no treatments available in many cases. Urgent and serious threats include Carbapenem-resistant
(CRE) and Extended-Spectrum Beta-Lactamase Producing (ESBL) Enterobacteriaceae and
various drug resistant Staphylococcus and Pseudomonas [73]. Klebsiella pneumoniae, the most
well-known species of the genus, produces one-third of Gram-negative infections [179]. K.
oxytoca has also become clinically relevant in recent years primarily in immunocompromised
patients and neonatal intensive care units [180, 181]. Lateral gene transfer of AR genes with K.
pneumoniae has also been detected in clinical settings in the U.K., facilitating a greater threat to
patients [182]. Cleary novel treatments are necessary to combat these emerging threats.
Bacteriophages, or phages, are viruses that infect bacteria and as such are the most
abundant living entity on the planet [183, 184]. Their sheer numbers combined with their ability
to lyse and kill their host makes them an attractive alternative to antibiotics [185-191]. Phages
are often specific for not only the species but the strain which they infect, making phage therapy
more specific than antibiotics and allowing the healthy microbiota to thrive. However, this
specificity comes at a cost, with broad host range phages needed to overcome the hurdle of
patient-specific therapies.
Herein, we report the isolation and genomic as well as proteomic characterization of five
bacteriophages (vB_KoxM_ValerieMcCarty01-vB_KoxM_ValerieMcCarty05) isolated against a
clinical K. oxytoca strain. These phages contain genomes and proteomes of high identity(>95%),
with markable variability in one of their tail fiber genes. This variability appears to confer
differing host range for these closely related phages, including several clinical isolates of K.
pneumoniae and other Enterobacteriaceae. In addition, isolation and characterization of
resistant bacteria suggests alternate resistance patterns associated with these highly related
phages.
3.3 Materials & Methods
3.3.1 Bacteriophage Isolation, Sequencing and Annotation
All strains were isolated on a clinical K. oxytoca isolate from a patient with a leg ulcer.
Phages were amplified by enrichment culture using wastewater from the western United States
and lysis broth (LB) media at 37° for 48 hours. Enrichment cultures were centrifuged (6,000 xg
for 20 minutes) to pellet bacteria, and 50 uL of the supernatant was plated with 0.5 mL fresh
bacteria in 5 mL LB top agar. Resulting single plaques were picked (one per wastewater sample).
Phages were purified through three successive rounds of plating with the clinical isolate in LB
top agar followed by single plaque purification after 24-48 hours of incubation. High titer lysates
(>108 pfu/mL) were then grown on the clinical isolate (1 mL bacteria, 5 mL LB, and single
phage plaque), and DNA was purified using the DNA isolation kit from Norgen Biotek
32

(Canada). The Illumina TruSeq DNA Nano kit was used for genomic library preparation with
unique Illumina barcodes, and phages were sequenced on the Illumina iSeq 100 platform (150 bp
paired-end reads). Contigs were assembled de novo using Geneious version R11 [192] and were
annotated using DNA Master [193] to predict gene calls and GeneMarkS [194] to predict coding
potential, favoring coding potential to extend gene starts. All software for assembly and
annotation was used at default settings. These five phages circularized upon assembly and bp 1
was called by comparison to the high similar Klebsiella phage KP1.
3.3.2 Electron Microscopy
Electron microscopy was performed with a FEI Helios NATOCAB 600i DualBeam
FIB/SEM with STEM detector. SEM grids were prepared by placing 15 μL of high-titer
bacteriophage lysate on a 200-mesh copper carbon type-B electron microscope grid for one-two
minutes, wicking away the lysate, washing the grid once with distilled water, and staining for 2
min using 15 μL of uranil acetate (0.02g/mL). Residual liquid was wicked away and the grid was
allowed to dry prior to imaging. ImageJ (Abramoff et al., 2004) was used to measure
bacteriophage capsid and tail, with the average and standard deviation for each measurement
calculated from a minimum of four separate measurements.
3.3.3 Genomic and Proteomic Comparisons
Phages with any similarities to ValerieMcCarty phages were obtained from the National
Center for Biotechnology Information (NCBI) by BLASTP [195] of the major capsid protein and
the corresponding bacteria were downloaded from GenBank. Kalign [196] was used to obtain the
average nucleotide identity (ANI) and Gepard [197] to generate dot plots of nucleotide and
protein sequences.
3.3.4 Host Range
Host range of all five ValerieMcCarty phages was obtained by spot method. Desired
bacteria were grown overnight in LB and 0.5 mL was plated in LB top agar and allowed to
solidify 30 minutes. Concentrated phage lysates were spotted directly onto plates (5 μl) and
plates were allowed to incubate 24 hours at 37°C prior to yes/no scoring. This initial test was
done twice to confirm positives or three times to confirm negatives. Any positives were then
tested again, using a 10-fold dilution series of the phage to spot this time in order to obtain an
efficiency of plating (the lowest dilution upon which a clearing in the top agar was seen).
3.4 Results & Discussion
3.4.1 Isolation of five Myoviruses that infect a clinical K. oxytoca strain
ValerieMcCarty phages (ValerieMcCarty01-ValerieMcCarty05) were isolated from raw
sewage directly against a clinical K. oxytoca strain obtained from a leg ulcer. Full genome
sequencing (NGS illumina) and genome assembly yielded apparently circular contigs with a
narrow range in genome size (159351 bp -166912 bp).
3.4.2 ValerieMcCarty phage genomes and proteomes are highly similar to Klebsiella phages
and closely related to other T4-like Enterobacterales phages
ValerieMcCarty phages display high genomic similarity, with a narrow range in genome
size with ValerieMcCarty04 having the smallest genome at 159351 bp and 265 open reading
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frames (ORF) while the largest genome belongs to ValerieMcCarty03 with 166912 bp and 286
ORFs Table 3-1. These phages also contain a high number of tRNAs ValerieMcCarty01 (16),
ValerieMcCarty02 (5), ValerieMcCarty03 (13), ValerieMcCarty04 (16), and ValerieMcCarty05
(18) with tRNA’s for methionine appearing multiple times within individual genomes. The
presence of tRNAs in phage genomes appear to correspond to those which are uncommon in the
host, likely giving an advantage to the phage in protein translation [198]. High numbers of
tRNAs in a phage genome has been indicative of a lytic life cycle [198] and it has been
suggested that they are acquired from various bacteria and may increase host range [199].
Table 3-1. Genome Size, predicted ORFs, and tRNAs of ValerieMcCarty Phages

Name
vB_KoxM_ValerieMcCarty01

Genome Size
164680 bp

ORFs
280

vB_KoxM_ValerieMcCarty02
vB_KoxM_ValerieMcCarty03

160456 bp
166912 bp

273
286

vB_KoxM_ValerieMcCarty04

159351 bp

265

vB_KoxM_ValerieMcCarty05

164802 bp

275

tRNAs
Arg, Asn, Asp, Gln, Gly, His, Ile, Leu, Lys, Met (x3),
Pro, Thr, Trp, Tyr
Arg, Leu, Lys, Thr, Tyr
Arg, Asn, Asp, Gln, Gly, His, Ile, Met (x2), Pro, Ser,
Thr, Trp
Arg, Asn, Asp, Gln, Gly, His, Ile, Leu, Lys, Met (x2),
Pro, Ser, Thr, Trp, Tyr
Arg, Asn, Asp, Gln, Gly, His, Ile, Leu, Lys, Met (x3),
Pro, Thr, Trp, Tyr, Ser, Unknown
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Figure 3-2. ValerieMcCarty phages contain numerous
protein homologs to those in other phage families and

several different Enterobacterales genera including Cronobacter, Enterobacter, and Serratia
show less but distinct genomic similarity to ValerieMcCarty phages, suggesting they belong to
the same T4-like cluster but a different subcluster, with the cluster definition of Hatful et al. as
similarity over 50% of the genome [201]. The variety amongst Klebsiella phages can be seen in
part in Figure 3-1 through the presence of phages such as KaAlpha, which belongs to the
Karamvirus genus, PhiKpNIH-6, Marfa, Potts, and F48 which form an unclassified Tevenvirinae
genus of their own. Klebsiella phages Miro and BIS47 were included to highlight unrelated
Klebsiella phages. This degree of similarity amongst the genomes places our phages in a
ubiquitous cluster of successful phages, the Tevenvirinae, capable of infecting multiple genera,
with many as closely or more related to ValerieMcCarty phages than other Klebsiella phages.
The bacterial hosts represented here are known to cause significant pathology in animals and
plants, suggesting these phages have coevolved, perhaps deeply shaping and the evolution of
these pathogens.
When compared on a proteome level our phages share a significant amount of homology
with other Enterobacteriaceae phages. Over 50% of gene products in each ValerieMcCarty
phage has homologs in Escherichia, Enterobacter, Citrobacter, Salmonella, and Serratia phages.
Significant homology was found between several other Enterobacterales phages and a smaller
percentage of gene products are homologous to those found outside of the order
Enterobacterales including Pseudomonas and Acinetobacter (Order, Pseudomonadales),
Stenotrophomonas (Order, Xanthomonadales), Vibrio (Order, Vibrionales), and Staphylococcus
(Phylum, Firmicutes) (Figure 3-2A). In addition, approximately 70% of gene products are
homologous to those found in Klebsiella bacteria while 40% could be found in S. enterica and E.
coli, approximately 20% in B. cereus a Firmicute, 10% A. baumanii, and 10% C. oligotrophica
(Phylum, Actinobacteria) among other bacterial species (Figure 3-2B). A limited number of
ValerieMcCarty phage gene products (hypothetical proteins) that had no reported homology to
Klebsiella were found in other bacteria with low but significant homology (E>1e-7, BLASTP),
suggesting very distant evolutionary ties. The high level of homologous gene products found in
bacterial genomes points to the ValerieMcCarty phages being lysogenic. This intimate
relationship with its hosts, sharing over 50% of its proteome, solidifies the evolutionary ties.
However, T4-like phages are known to be lytic and we were unable to obtain any evidence of
lysogeny in the laboratory.
3.4.3 Analysis of the Major Capsid Protein and Terminase Suggests a Lysogenic Lifestyle
and Headful Packaging for ValerieMcCarty
When the major capsid protein (MCP) is analyzed all ValerieMcCarty MCP amino acid
sequences are identical except for ValerieMcCarty02, which differs by eight amino acids. All
five phage MCPs are closely related to Klebsiella phages and when compared to other
Enterobacteriaceae phages three Enterobacter and one Cronobacter phage emerge with highly
similar MCPs, appearing more similar than even Klebsiella phages Matisse and KOX11 in a
phylogenetic tree (Supplementary Figure 3, 4). As with most gene products in these phages the
MCP was also found in many bacterial genomes with >90% identity, once again indicating a
lysogenic life cycle [200].
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Figure 3-1. ValerieMcCarty phage genomes cluster with several other Klebsiella
phages and show similarity to numerous other Enterobactericeae phages.

The large terminase was also inspected and formed nearly identical phylogenetic trees as
the MCP with respect to the related Klebsiella phages or Enterobacteriaceae phages
(Supplementary Figure 5, 6). The canonical E. coli phage T4 was found among the close hits,
83% similarity by BLASTP, and would suggest our phages also perform headful packaging
[202-204], consistent with the apparent circularization we observed when assembling these
genomes. Considering that the whole genomic as well as individual MCP and terminase protein
comparisons reveal the same phages as closely related, one main evolutionary history likely
resulted in forming the phages of this cluster.
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Figure 3-2. ValerieMcCarty phages contain numerous protein homologs to those
in other phage families and bacteria.

3.4.4 Several unique gene products exist within ValerieMcCarty phages
The five ValerieMcCarty primarily encode conserved proteins of unknown function. In
Figure 3-3 we see 52% of gene products have no known function but do have a BLASTP hit
while 1% are considered novel, with no BLASTP hit using an E-value of 1e-7 as a cutoff. The
average distribution of proteins related to the capsid, tail, other structural proteins, nucleotide
metabolism, DNA/RNA synthesis, and other proteins was 5%, 6%, 5%, 5%, 15%, and 11%,
respectively.
A comparison of all gene products within the ValerieMcCarty phages found several that
while related, diverged in sequence and others that belonged only to a subset of ValerieMcCarty
phages, many of which were hypothetical proteins. The most interesting occurrence of missing
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genes comes from ValerieMcCarty04, which has a 6800 bp deletion compared to the other four
phages. This region encompasses 15 genes including a putative endonuclease II, RNA ligase,
inhibitor of host transcription, spanin Rz, o-spanin, polynucleotide 5'-kinase and 3'-phosphatase,
deoxycytidylate deaminase, tail fiber protein, head assembly chaperone, and six hypothetical
proteins. Spanin is a lytic protein that can be composed of two parts that works in concert with
holins and endolysins during the final stages of the lytic life cycle to perforate the membrane and
release phage progeny and is therefore considered essential for lysis of Gram-negative bacteria
[81, 205]. Klebsiella are Gram-negative making the apparent deletion of this region very
interesting and poses the question as to how ValerieMcCarty04 has adapted or compensated for
this loss. While not investigated further here it opens up intriguing future studies.

Figure 3-3. The majority of ValerieMcCarty phage proteins have
no known function and distribute in function normally.

When considering shared proteins that have diverged in sequence we see two interesting
examples. One particular capsid and scaffold protein, gp110, gp167, gp186 is identical in
ValerieMcCarty01, 02, and 03, respectively. In ValerieMcCarty04 and 05 (gp16, gp188) a 185
amino acid sequence is missing from the middle of the protein. Both orthologs are found in other
Klebsiella phages such as KP1, JIPh_Kp122, KPN1, and Marfa corresponding to
ValerieMcCarty01, 02, and 03 while KPN5, PKO111, HKu-2019, and JD18 match
ValerieMcCarty04 and 05. The most prominent and important divergent protein is the long tail
fiber, which is responsible for host binding and are discussed more thoroughly in the following
section.
3.4.5 Multiple tail fibers, lysozymes, and endolysins highlight critical lytic activity
Despite the high similarity between the five ValerieMcCarty phages we have seen
variability in a handful of proteins and this variation is distinctly obvious when observing the
long tail fiber, suggesting alternative hosts. In total we have identified five tail fibers in the
ValerieMcCarty phages; long, short, two tail lysozymes and a protein with a putative tail fiber
domain (DUF2693) (Table 3-3). The short tail fiber which is responsible for binding LPS or
another cell surface marker to secure the phage in place [206, 207] was identical in all five
phages as were both sets of tail lysozymes. When the sequences of the short tail fiber and tail
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lysozymes were analyzed with BLASTP the Klebsiella phages with the highest homology
included KP1, JD18, and KPN6 among others (% Identity and Query Coverage >80%) Table 33. Interestingly, several Enterobacter (CC31, PG7, myPSH1140), Cronobacter (Pet-CM3-4),
and Serratia (CHI14) phages matched with at least 70% identity according to BLASTP with the
two tail lysozymes. The closest non-Klebsiella match for the short tail fiber was from Erwinia
phage Cronus (% Identity: 46%, Query Coverage: 98%). While such distant homology makes a
shared binding site unlikely, smaller conserved sequences represent potential binding motifs. We
also identified an endolysin, specifically a lytic transglycosylase which was highly similar in all
five phages and was closely related to five Klebsiella phages including GF, KP179, Kp122,
KPN5, and PKO111. ValerieMcCarty04 does not contain DUF2693, which is nearly identical in
the other four phages as mentioned previously.
Each long tail fiber was unique to the phage in terms of both length and amino acid
sequence Figure 3-4. The N-terminal region was similar among the phages likely representing a
structural component. ValerieMcCarty03 has the unique characteristic of a long amino acid
sequence in the middle of the protein not found in the others. ValerieMcCarty01, 03, and 04 have
unique C-terminal ends of approximately 160 bp, 180 bp, and 140 bp respectively after a fairly
homologous region found in all the phages. ValerieMcCarty05 has a distinctly long C-terminal
end of approximately 460 bp. Interestingly, ValerieMcCarty02 lacks any long unique end. The
closest matches according to BLASTP consisted of the Klebsiella phages found in the
ValerieMcCarty sub-cluster (Table 3-3), however the ValerieMcCarty long tail fibers all
matched a tail fiber protein found in Raoultella ornithinolytica between ValerieMcCarty03 %
Identity:47% & Query Coverage:80% and ValerieMcCarty04 % Identity:87% & Query
Coverage:79%. Raoultella ornithinolytica was formerly classified as Klebsiella ornithinolytica
[208] making this homology not wholly surprising but does point to possibly broad host range
within the genera Klebsiella. Of all the proteins found in the ValerieMcCarty phages the long tail
fiber represents some of the most divergent sequences bringing to the foreground the possibility
of a broad host range and the mechanism and selective pressures that would allow these phages
to adapt to various hosts. The closest sequence matches according to BLASTP further show the
diversity of Klebsiella phages as seen in Table 3-3; ValerieMcCarty03 had the least amount of
significant hits with two.
3.4.6 Host range of ValerieMcCarty phages encompasses several clinical Klebsiella
strains and multiple Enterobacteriaceae
Considering the quantity and diversity of tail fibers in ValerieMcCarty phages we investigated
host range among different Klebsiella isolates (K. pneumoniae, K. oxytoca, and K. aerogenes) as
well as related genera. In an effort to characterize our phages more carefully they were tested
against both non-antibiotic resistant (non-AR) K. pneumoniae and K. aerogenes as well as 15 AR
clinical Klebsiella isolates available from the CDC and local hospitals (Table 3-4). When
measured on our patients clinical isolate ValerieMcCarty01, 02, 03, 04, and 05 produced 108,
108, 106, 106, and 106 EOP, respectively (Table 3-4). All five phages produced 106 EOP on K.
pneumoniae (ATCC 13883) while on K. aerogenes (ATCC) ValerieMcCarty03, 04, and 05 had
less activity with 104 EOP and ValerieMcCarty02 did not result in lysis. Lytic activity among the
clinical isolates was distinctly lower near 102-104 EOP for most phage-isolate combinations. Of
the isolates from local hospitals, Klebsiella 1002002 produces IMP4 giving resistance to
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imipenem, IHC3 produces carbapenemase, and Klebsiella 1300761 produces New Delhi metallobeta-lactamase.
Table 3-3. Klebsiella phages with the closest BLASTP hits to ValerieMcCarty phages long tail fiber, short tail fiber,
tail lysozymes, and endolysin

ValerieMcCarty1
ValerieMcCarty3
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Gene product numbers (gp#) that correspond to ValerieMcCarty phages are provided for each protein of interest.

OnlyValerieMcCarty03 infected Klebsiella 1300761, while the other two isolates were
susceptible to all ValerieMcCarty phages. The clinical isolates from the CDC represent many
Table
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ValerieMcCarty03 was the only phage to show lytic activity against all strains, highlighting it as
the most useful phage in any future phage therapies. This may be due to the unique characteristic
of a long amino acid sequence in the middle of the tail fiber protein discussed above (Figure 34). Table 3-3. Klebsiella phages with the closest BLASTP hits to ValerieMcCarty phages long tail fiber, short
tail fiber, tail lysozymes, and endolysin

Figure 3-4. Valerie McCarty long tail fibers are unique in length and amino acid sequence. Table 3-3.

Klebsiella phages with the closest BLASTP hits to ValerieMcCarty phages long tail fiber, short
tail fiber, tail lysozymes, and endolysin Gene product numbers (gp#) that correspond to ValerieMcCarty
phages are provided for each protein of interest.

Table 3-3. Klebsiella phages with the closest BLASTP hits to ValerieMcCarty phages long tail
fiber, short tail fiber, tail lysozymes, and endolysin Gene product numbers (gp#) that correspond to
ValerieMcCarty phages are provided for each protein of interest.
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Figure 3-4. Valerie McCarty long tail fibers are unique in length and amino acid sequence. NCBI COBALT was
used to produce amino acid sequence alignment
Table 3-4. Host range of ValerieMcCarty (VMC) phages includes several Klebsiella clinical
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Non-antibiotic resistant K. pneumoniae and K. aerogenes were tested alongside clinical isolates of Klebsiella 1002002,
IHC3, 1300761, K3-K160; E. coli E1-E5; Serratia S1-S3. Non-antibiotic resistant C. sakazakii, S. marcescens, E.
cloacae, E. coli, and Y. enterocolytica were also tested. Efficiency of plating (EOP), which is the greatest dilution by
which a spot can be detected is used to quantify magnitude of infection. All EOP’s were confirmed by plaque assay on
positive hosts. The x in parenthesis indicates that this positive result was later shown to be negative by plaque assay.

Surprisingly, some lytic activity was found against S. marcescans, E. cloacae, Y.
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sakazakii; no plaques were formed on S. marcescans indicating a toxin was the likely cause for
the activity seen during spotting. While the lytic activity against E. cloacae, and C. sakazakii was
surprising the similarity of the two tail lysozymes to those that work on these genera provides a
Figure 3-5. Tail lysozymes of ValerieMcCarty phages show sequence similarity to several Enterobacterales phage
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Serratia CHI14. ValerieMcCarty01 was used to represent all five ValerieMcCarty phages.
Our previous analysis of the long tail fiber and endolysin did not predict these results and
represents unique characteristics among the ValerieMcCarty phages.
Figure 3-6. ValerieMcCarty mutant isolate is resistant to three ValerieMcCarty phages.Figure 3-5.
Tail lysozymes of ValerieMcCarty phages show sequence similarity to several Enterobacterales phage tail
lysozymes.Non-antibiotic resistant K. pneumoniae and K. aerogenes were tested alongside clinical isolates of Klebsiella
1002002, IHC3, 1300761, K3-K160; E. coli E1-E5; Serratia S1-S3. Non-antibiotic resistant C. sakazakii, S. marcescens,
E. cloacae, E. coli, and Y. enterocolytica were also tested. Efficiency of plating (EOP), which is the greatest dilution by
which a spot can be detected is used to quantify magnitude of infection. All EOP’s were confirmed by plaque assay on
positive hosts. The x in parenthesis indicates that this positive result was later shown to be negative by plaque assay.

Figure 3-5. Tail lysozymes of ValerieMcCarty phages show sequence similarity to several Enterobacterales phage
tail lysozymes.Non-antibiotic resistant K. pneumoniae and K. aerogenes were tested alongside clinical isolates of
Klebsiella 1002002, IHC3, 1300761, K3-K160; E. coli E1-E5; Serratia S1-S3. Non-antibiotic resistant C. sakazakii, S.
marcescens, E. cloacae, E. coli, and Y. enterocolytica were also tested. Efficiency of plating (EOP), which is the greatest
dilution by which a spot can be detected is used to quantify magnitude of infection. All EOP’s were confirmed by plaque
assay on positive hosts. The x in parenthesis indicates that this positive result was later shown to be negative by plaque
assay.
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Figure 3-5. Tail lysozymes of ValerieMcCarty phages show sequence similarity to several Enterobacterales
phage tail lysozymes. A. Tail lysozyme 1 amino acid dot plot and COBALT sequence alignment with Klebsiella
phages KPN6 and KP179, Enterobacter CC31 and PG7, Serratia CHI14, Cronobacter Pet-CM3-4. B. Tail lysozyme
2 amino acid dot plot and COBALT sequence alignment with Klebsiella phages JD18 and Kp122, Enterobacter
CC31, PG7, myPSH1140, Serratia CHI14. ValerieMcCarty01 was used to represent all five ValerieMcCarty phages.
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Figure 3-6. ValerieMcCarty mutant isolate is resistant to three ValerieMcCarty phages.
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6. ValerieMcCarty mutant isolate is resistant to three ValerieMcCarty phages.
it we must look for ways to bolster the tools we currently possess. Due to their specificity of host
and ability to multiply so long as the host is present, phages offer a unique opportunity to join
antibiotics in treating infections. However, phages must be used with proper characterization to
Table 4-1. General characteristics of Erwinia amylovora phages Joad and RisingSun.
avoid providing
virulence factors to their hosts or ease of bacterial resistance. The later may be
mitigated through the use of a multiple phage cocktail with different routes of infection and
resistance. Phages also offer the chance for genetic engineering allowing for directed evolution
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RisingSun.Figure 3-6. ValerieMcCarty mutant isolate is resistant to three ValerieMcCarty
ValerieMcCarty
phages while highly similar to each other and other Klebsiella phages) on a
phages.
genomic and proteomic level (>95% identity) yet critical differences exist in a variety in tail
fibers and lytic factors. This finding suggests and intriguing mechanism for tail fiber exchange,
perhaps aided
by the highly successful and ubiquitous family (the T4-like phages) to which these
Table 4-1. General characteristics of Erwinia amylovora phages Joad and RisingSun.Figure 3phages belong.
6. ValerieMcCarty mutant isolate is resistant to three ValerieMcCarty phages.
A high percentage of genes matching those found in bacteria indicates a lysogenic life
cycle, which traditionally has been avoided in phage therapy, yet T4 phages are well known for
their lytic lifestyles suggesting they may rapidly exchange DNA with their hosts through
recombination or other means during lytic infection. Other phages in the Jiaodavirus genomic
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cluster have been classified as lytic and KPV15 has been tested in a phage therapy [210] due to
its apparent absence of toxins or integrases. The rest of the cluster lack toxins and integrases in
their genomes but necessitate further investigation to rule out lysogeny because of their
similarity to bacterial genomes. Nevertheless, the strong lytic capacity of our and other
Jiaodavirus Klebsiella phages have great potential.
The ValerieMcCarty phages documented herein represent new Klebsiella phages with
unique and variable tail fibers despite their high genome similarity. These tail fibers likely confer
broad host range, with ValerieMcCarty03 capable of infecting every clinical isolate from the
CDC and local hospitals available in our collection. In addition, the ValerieMcCarty appear to
select for different host resistance mechanisms, suggesting they may be useful if combined in
therapy. These characteristics, reflecting unique environmental pressures to adapt to changing
hosts, combined with their close relationship to the well-characterized phages T4 and KPV15
that have been used in phage therapy, suggest these phages for use in clinical Klebsiella cases.
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This manuscript was a collaboration of many graduate student in the department of Microbiology
and Molecular Biology as part of a genomics training course. As the first author of the
manuscript I confirmed all of their analyses and performed the rest of the analyses after the
semester of classes ended. These phages and sequenced as part of the BYU phage hunters
program and have been used in phage therapy for the treatment of fire blight, a devastating
agricultural disease.
4.1 Abstract
Bacteriophages are a major force in the evolution of bacteria due to their sheer abundance
as well as their ability to infect and kill their hosts and to transfer genetic material.
Bacteriophages that infect the Enterobacteriaceae family are of particular interest because this
bacterial family contains dangerous animal and plant pathogens. Herein we report the isolation
and characterization of two jumbo myovirus Erwinia phages, RisingSun and Joad, collected from
apple trees. These two genomes are nearly identical with Joad harboring two additional putative
gene products. Despite mass spectrometry data that support the putative annotation, 43% of their
gene products have no significant BLASTP hit. These phages are also more closely related to
Pseudomonas and Vibrio phages than to published Enterobacteriaceae phages. Of the 140 gene
products with a BLASTP hit, 81% and 63% of the closest hits correspond to gene products from
Pseudomonas and Vibrio phages, respectively. This relatedness may reflect their ecological
niche, rather than the evolutionary history of their host. Despite the presence of over 800
Enterobacteriaceae phages on NCBI, the uniqueness of these two phages highlights the diversity
of Enterobacteriaceae phages still to be discovered.
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4.2 Introduction
The existence of bacteriophages has been known since the early 1900’s when Frederick
Twort and Felix d’Herelle independently isolated phage [211]. Phages are now considered the
most abundant source of biomass on the planet [200] and contribute heavily to the evolution of
bacteria because of their ability to infect and lyse different bacterial strains as well as their ability
to transfer genetic information [212, 213]. Due to this transfer of genetic information, phages
have been shown to be required for the pathogenicity of several bacterial strains, such as
pathogenic V. cholerae, C. diphtheriae, and E. coli strains [214-216]. This incredible bacterial
host specificity has led to many attempts to use them as diagnostic and therapeutic agents [217].
d’Herelle was one of the first to put this into practice by using phage to treat and cure patients
with Bacillus based dysentery [218].
Enterobacteriaceae is one of the most highly studied bacterial families with over 50
accepted genera. These genera include several well-known animal pathogens such as
Enterobacter, Escherichia, Klebsiella, Salmonella, Shigella, and Yersinia, as well as plant
pathogens such as Erwinia and Dickeya (for a recent discussion on the classification of this
family see [85]). This family is a major health concern in the United States with the Centers for
Disease Control and Prevention (CDC) citing carbapenem resistant and extended spectrum βlactamase (ESBL) producing Enterobacteriaceae as “urgent” and “serious” threats [219]. Plant
pathogens are also of great concern, with Erwinia infections causing over $100 million in
agricultural loss per year [82]. Studying the evolution of this family of bacteria, including the
phages that infect them, is critical to controlling many health and agricultural concerns.
Over 800 phages that infect members of the Enterobacteriaceae family have been
isolated, sequenced, and deposited in NCBI. Most of these phages infect genera with common
animal pathogens including Escherichia, Salmonella, Shigella, and Klebsiella. Phages of the
plant pathogens have also been recently deposited, including those that infect Erwinia
amylovora, the causative agent of fire blight [84]. When infected, fire Blight causes the leaves of
the Rosaceae plants to dry and shrivel up, giving the appearance of being scorched. Another
similar wilting disease infecting the Cucurbita genus, which includes squash and pumpkin, is
caused by Erwinia tracheiphila. It has been reported to cause millions of dollars of agricultural
loss in the northeastern United States [220]. Therefore, the study of Erwinia phages may aid in
understanding and treating multiple devastating agricultural diseases. Currently, 45 Erwinia
specific phages have been isolated and deposited on NCBI, 25 of which were discovered by our
group.
Herein we report the isolation and characterization of two of these Erwinia phages,
vB_EamM_RisingSun (RisingSun) and vB_EamM_Joad (Joad). These phages have only very
distant relationships to other published phages and are highly similar to one another, with Joad
containing two additional genes. BLASTP hits to putative annotated ORFs indicate that much of
their genomes are composed of novel proteins with no BLASTP hit, while many of those having
BLASTP hits harbor closer relationships to Pseudomonas and Vibrio phages as opposed to
Enterobacteriaceae phages.
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4.3 Methods
4.3.1 Phage Isolation, Sequencing and Host Range
Both Joad and RisingSun were isolated from apple blossom samples collected in Payson,
Utah. Blossoms were crushed with a mortar and pestle and the resulting debris was added to an
exponential culture of Erwinia amylovora ATCC 29780 [221, 222]. The enrichment culture was
harvested by centrifugation 48 hours later, filtered with at 0.45 μM filter, and used to infect a
fresh culture of bacteria. Three plaque purifications were performed, after which a high titer
lysate was made in liquid broth. Phage DNA was extracted from this lysate using the Phage
DNA Isolation Kit (Norgen Biotek Corporation), and was sequenced, assembled, and annotated
as previously described [221]. Host range was performed by spotting 5 uL of lysate onto 0.5 mL
of bacteria imbedded in LB top agar. Positive spots were verified by plaque assay. Bacterial
strains used included Erwinia amylovora ATCC 29780, Erwinia amylovora EA110 [222],
Pantoea agglomerans E325 [83], Pantoea vegans C9-1 [223], Dickeya chrysanthemi ATCC
11663 [224], the common clinical strain Pseudomonas aeruginosa Boston 41501 ATCC 27853
[225], Pseudomonas chlororaphis ATCC13985 [226], Vibrio cholerae ATCC 14035 (originally
deposited by Standards Lab., London) [227], Salmonella enterica typhimurium LT2 (a generous
gift from John Roth, UCDavis), Enterobacter cloacae ATCC 13047(deposited by the CDC)
[228], and E. coli BW25113 [229].
4.3.2 Electron Microscopy
Samples were prepared for transmission electron microscopy by placing 20 uL of hightiter phage lysate on a 200-mesh copper carbon type-B electron microscope grid for two to five
minutes. Excess lysate was wicked away and the grid was then stained for one minute using 2%
phosphotungstic acid. The grid was then briefly dipped into distilled water and excess liquid was
wicked away. Phages were imaged at the BYU Microscopy Center. The phages were measured
for capsid width as well as tail length and width using ImageJ software [230].
4.3.3 Mass Spectrometry
Samples were prepared according to the methods of Guttman et al. [231]. Briefly, (all
concentrations are final concentrations) fresh lysates were diluted with TNE (50 mM Tris pH
8.0, 100 mM NaCl, 1 mM EDTA) buffer and RapiGest SF reagent (Waters Corp.) was added to
0.1% before 5 min of boiling. Next, samples were incubated at 370C for 30 min in the presence
of 1 mM TCEP (Tris (2-carboxyethyl) phosphine). Iodoacetamide (0.5 mg/ml) was used to
carboxymethylate the samples for 30 min at 370 C. Carboxymethylation was neutralized with 2
mM TCEP. Using a trypsin:protein ratio of 1:50 samples were digested overnight at 370 C. Next,
250 mM HCl was used to degrade the RapiGest for 1 hr at 370 C. Samples were then centrifuged
for 30 min at 40 C and 14000 rpm. In new tubes, peptides were extracted from the soluble
fractions by desalting using Aspire RP30 desalting columns (Thermo Scientific).
High pressure liquid chromatography (HPLC) coupled with tandem mass spectroscopy
(LC-MS/MS) using nano-spray ionization was used to analyze the trypsin-digested peptides
according to the method of McCormack et al. [232]. Experiments were performed on a
TripleTOF 5600 hybrid mass spectrometer (ABSCIEX) interfaced with nano-scale reversed49

phase HPLC (Tempo) using a 10 cm-100 µm ID glass capillary packed with 5-µm C18
ZorbaxTM beads (Agilent Technologies, Santa Clara, CA). The peptides were eluted from the
C18 packed capillary tubes into the mass spectrometer using a linear gradient of Acetonitrile
(ACN) (5-60% generated from two buffers: buffer A with 98% H2O, 2% ACN, 0.2% formic
acid, and 0.005% TFA, and buffer B with 100% ACN, 0.2% formic acid, and 0.005% TFA) at a
flow rate of 250 μl/min for 1 hr.
MS/MS data were acquired in a data-dependent manner in which the MS1 data were
acquired for 250 ms at m/z of 400 to 1250 Da and the MS/MS data were acquired from m/z of 50
to 2,000 Da. For independent data acquisition (IDA) parameters of MS1-TOF for 250
milliseconds, followed by 50 MS2 events of 25 milliseconds each were used. The IDA criteria
were set at over 200 counts threshold, charge state of plus 2-4 with 4 seconds exclusion window.
Finally, the collected data were analyzed using MASCOT® (Matrix Sciences) and Protein Pilot
4.0 (ABSCIEX) for peptide identifications.
4.3.4 Analysis of RisingSun and Joad phage genomes
Gepard [197] was used to create three dot plots, one with whole genome sequences, one
with major capsid protein (MCP) sequences, and one with terminase sequences. Putative major
capsid proteins and terminase proteins from phage Joad were used in BLASTP [195, 233, 234]
analysis to find related phages [200, 201, 235]. Accession numbers that were used are: whole
genome accession numbers (Joad [MF459647], RisingSun [MF459646], Pseudomonas phage EL
[NC_007623.1], Pseudomonas phage OBP [NC_016571.1], Vibrio phage pTD1 [AP017972.1],
Vibrio phage VP4B [KC131130.1], Pseudomonas phage phiKZ [AF399011.1]), MCP accession
numbers (Joad [ASU03832.1], RisingSun [ASU03587.1], Pseudomonas phage EL
[YP_418111.1], Vibrio phage pTD1 [BAW98274.1], Vibrio phage VP4B [AGB07257.1],
Pseudomonas phage OBP [YP_004958031.1], Pseudomonas phage phiKZ [AAL83021.1]) and
terminase accession numbers (Joad [ASU03673.1], RisingSun [ASU03430.1] Pseudomonas
phage EL [YP_418044.1], Vibrio phage pTD1 [BAW98365.1], Vibrio phage VP4B
[AGB07167.1],Pseudomonas phage OBP [YP_004957913.1], Pseudomonas phage phiKZ
[NP_803591.1]). Kalign [236-240] was used to determine average nucleotide identity (ANI) of
the phage genomes.
4.3.5 Motif Analysis and Identification
The Center for Phage Technology Galaxy Server (https://cpt.tamu.edu/galaxy-pub/) and
MEME [241] were used to scan the phage genome for significant motifs with an e-value less
than 10-7. The Galaxy Server was able to scan the entire genome at once. FIMO [242] was used
to search the phage genome for motifs found in the Galaxy results that passed our significance
threshold (q value <0.01) and determined the exact positions of the motif(s) in the entire genome.
We then used DNA Master [193] and Phamerator [243] to analyze the genes neighboring the
motifs to determine putative transcription patterns.
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4.4 Results and Discussion
4.4.1 Phage Isolation and Sequencing
Joad and RisingSun were isolated from apple tree samples that appeared to be infected
with fire blight. DNA analysis suggests Joad and RisingSun are Jumbo phages [244] with
genome sizes of 235374 bp and 235108 bp respectively (a summary of their genomes is provided
in Table 4-1). A search for tRNA’s using tRNA ScanSE [245] returned no tRNA results. No
rigorous testing for lysogeny formation has been performed, but their clear plaque morphology
and ease in obtaining higher titers suggest they may be lytic phages. This conclusion is supported
by a BLASTP analysis of the putative Major Capsid Protein (MCP) from Joad, which has only
close BLASTP hits to phage and none to bacterial genomes. In a recent analysis of phage,
Casjens et al. found that MCP’s from temperate phages generally have BLASTP hits that are
>70% identity in bacterial genomes [246].
Table 4-1. General characteristics of Erwinia amylovora phages Joad and RisingSun.
Phage
GenBank
Fold
Genome
ORFs
tRNAs
GC%
Name
Accession #
Coverage
Length
(bps)
Figure 4-1. Transmission electron microscopy
revealed (A) RisingSun and (B) Joad as
Joad
MF459647
235374
245
noneJoad and48.29
Myoviridae.Table
4-1. General 522.2
characteristics
of Erwinia amylovora
phages
RisingSun.
RisingSun MF459646
138.6
235108
243
none
48.32

4.4.2 Phage Morphology
Transmission electron microscopy (TEM) analysis revealed the large nature of these
Figure 4-1. Transmission electron microscopy revealed (A) RisingSun and (B) Joad as
phages.
From three independent TEM images of RisingSun (Figure 4-1), the average capsid
Myoviridae.
width was 143.2 +/- 6.0 nm, tail width was 23.2 +/- 2.4 nm, and tail length was 206.8 +-3.6 nm,
consistent with the large genome size reported above. The measurements from the single Joad
image obtained were within the standard deviation of RisingSun measurements. The viral
morphology, icosahedral capsids attached to long contractile tails, is consistent with these phages
Figure 4-1. Transmission electron microscopy revealed (A) RisingSun and (B) Joad as
belonging
to the jumbo myoviridae bacteriophages [32].
Myoviridae.Table 4-1. General characteristics of Erwinia amylovora phages Joad and
RisingSun.

Figure 4-1. Transmission electron microscopy revealed (A) RisingSun and (B) Joad as
Myoviridae.Table 4-1. General characteristics of Erwinia amylovora phages Joad and
RisingSun.

Figure 4-1. Transmission electron microscopy revealed (A) RisingSun and (B) Joad as Myoviridae.
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Figure 4-1. Transmission electron microscopy revealed (A) RisingSun and (B) Joad as Myoviridae.

4.4.3 Genomic Analysis
Whole genome dot plot comparisons (Figure 4-2A) were performed using the whole
genome sequences of Joad, RisingSun, and any phages that were retrieved from a BLASTP
analysis of their putative major capsid (MCP) and terminase proteins. The dot plot reveals two
distinct clusters of phages, and low relatedness between singletons (unique phages unrelated to
others in the group). Clusters are defined here similarly to other studies, as two or more phages
with sequence similarity over at least half of the genome [200]. Joad and RisingSun constitute
one cluster with Pseudomonas phage EL being a distant relation in the gray area of cluster
boundary, while the second cluster is comprised of two Vibrio phages, VP4B and pTD1. Whole
genome Average Nucleotide Identity (ANI) data shown in Table 3-2A support the clusters
identified in Figure 4-2A with a 96% identity match between Joad and RisingSun. These two
phages also had 46% similarity compared to EL and only 36% similarity compared to OBP and
phiKZ, while low similarity is seen between Joad and the singleton phages. A 75% identity
Table 4-2. Joad and RisingSun are a unique cluster of phages when compared to others using whole genomes, MCP
amino acid sequences, and terminase amino acid sequences.
2A

ANI of Whole genome

Rising
Sun genome
EL nucleotide sequences,
pTD1
OBP and terminase
phiKZ
Figure 4-2. Dot Joad
plot comparisons
for whole
MCP VP4B
amino acid sequences,
amino
acid
sequences
of
seven
phages.Table
4-2.
Joad
and
RisingSun
are
a
unique
cluster
of
phages
when
compared
Joad
100
to others using whole genomes, MCP amino acid sequences, and terminase amino acid sequences.
RisingSun
96.61
100
EL
45.83
45.73
100
pTD1
38.24
37.86
35.21
100
VP4B
38.8
38.41
35.67
75.14
100
Figure 4-2. Dot36.53
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for whole genome
sequences, MCP
amino acid 100
sequences, and
OBP
36.17
33.7 nucleotide
37.08
41.11
terminase amino
acid sequences
of seven phages.
and vertical 41.2
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phiKZ
36.25
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37.04
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(RS).
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pTD1,
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EL, OBP, phiKZ.
2B
Identity of MCP gene products
A) Nucleotide dot
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between seven phage
Two distinct clusters
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Rising similarity
Sun
EL
pTD1 genomes. VP4B
OBP are shown,phiKZ
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100the Vibrio phage cluster. B) Dot plot comparison for MCP amino acid sequences of seven phages. The
clusters are shown
and RS and between Vibrio phages pTD1 and VP4B. C) Dot plot comparison for
RisingSun
100between Joad100
terminase amino57.22
acid sequences57.22
of seven phages.100
Two clusters are formed between Joad and RS and between Vibrio
EL
phages pTD1 and
VP4B.
pTD1
40.78
40.78
21.98
100
VP4B

40.48

40.48

38.27

89.74

100

OBP
30.71
30.71
31.18
33.61
34.90
100
Figure 4-3. Whole
genome comparison
Joad and RisingSun.Figure
4-2. 25.29
Dot plot comparisons
phiKZ
23.58
23.58 map between
21.98the phages21.60
22.19
100 for
whole genome nucleotide sequences, MCP amino acid sequences, and terminase amino acid sequences of seven
2C
Terminase
products
phages.Table 4-2.
Joad andgene
RisingSun
are a unique cluster of phages when compared to others using whole
Rising Sun
EL
pTD1sequences. VP4B
OBP
phiKZ
genomes, MCPJoad
amino acid sequences,
and terminase
amino acid
Joad
100
RisingSun

99.63

100
EL
56.43
100 nucleotide sequences, MCP amino acid sequences, and terminase
Figure 4-2. Dot 56.43
plot comparisons
for whole genome
pTD1
53.63
53.63
50.42
100
amino acid sequences of seven phages.Table 4-2.
Joad and RisingSun
are a unique cluster of phages when compared
VP4B
53.96
53.96
50.08
95.75
100
to others using whole genomes, MCP amino acid sequences, and terminase amino acid sequences.
OBP
48.49
48.49
48.31
47.59
47.97
100
phiKZ
27.71
27.71
27.29
31.54
32.24
28.73
100
A) Similarity of seven phage genomes according to Average Nucleotide Identity (ANI). B) Percent identity of major capsid
proteins (MCP) amongst seven phages. C) Percent identity of terminase proteins amongst seven phages. Percent identity
was determined by BLASTP analysis.
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Table 4-2. Joad and RisingSun are a unique cluster of phages when compared to others using whole
genomes, MCP amino acid sequences, and terminase amino acid sequences.A) Similarity of seven phage
genomes according to Average Nucleotide Identity (ANI). B) Percent identity of major capsid proteins (MCP) amongst

match is also observed within the vibrio phage cluster of VP4B and pTD1. ANI data show that
Joad and RisingSun differ in genome size by 266 nucleotides, Joad having the larger genome, in
an otherwise highly similar genome (~96.6% nucleotide identity). In addition to the distinct
clusters, Figure 4-2A shows a distant relationship between Joad and EL, indicative of divergent
evolution and lateral gene transfer that has occurred.
A dot plot of the Major Capsid Protein (MCP) and terminase amino acid sequences
(Figure 4-2B,2C) and percent identity data (Table 4-2B) support this distant relationship between
Joad and EL. Table 4-2B shows a 57% identity between the MCP amino acid sequences of the
two phages, whereas Vibrio phages pTD1 and VP4B MCP amino acid sequences are highly
similar at nearly 90% amino acid identity. The terminase dot plot, Figure 4-2C, and percent
identity data in Table 4-2C continue to support a distant relationship between Joad and EL.
Both the dot plot and ANI indicate that the Joad cluster is markedly different from the
Vibrio cluster and EL phage consistent with the weak similarity of the MCP and terminase amino
sequences. Comparing Joad to OBP and phiKZ, which have similar terminase proteins, shows
little relation and confirms the distinctiveness of Joad. Since terminase conservation has been
shown to reflect phage packaging mechanisms [247] the terminase similarity to phiKZ, although
distant (~28% identity) suggests these phages package DNA by a headful mechanism [248]. This
analysis is consistent with analysis of our whole-genome phage sequencing raw results for
RisingSun analyzed by Phageterm [249] which also suggested a headful packaging mechanism.
4.4.4 Whole-proteome comparison of Joad and RisingSun
Phamerator [243] was used to produce full-genome comparison maps for both Joad and
RisingSun which were modified for simplicity (Figure 4-3). Consistent with the mild differences
seen in ANI analysis, the genomes encode nearly identical gene products (colored with similar
coloring based on the Phamerator default values of greater than 32.5% identity by BLASTP and
less than 1e-50 e-value from ClustalO), with many having 100% identity. The most obvious
difference is the two genes present in Joad that are not present in RisingSun, of which gene
product 122 had a BLASTP hit to an HNH endonuclease and the other encodes a protein with
unknown function. Not every gene with a BLASTP or Phamerator hit is labeled on this map as
many have an unknown function or are indiscriminate structural proteins. Proteins of
significance are discussed in the following section “Interesting proteins”, for which Figure 4-3
will serve as a reference.
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Figure 4-2. Dot plot comparisons for whole
genome nucleotide sequences, MCP amino acid
sequences, and terminase amino acid sequences
of seven phages. Blue horizontal and vertical
lines were added to show genome boundaries.
Erwinia phages: Joad, RisingSun (RS). Vibrio
phages: pTD1, VP4B. Pseudomonas phages: EL,
OBP, phiKZ. A) Nucleotide dot plot shows
genome similarity between seven phage genomes.
Two distinct clusters are shown, the Joad and RS
cluster and the Vibrio phage cluster. B) Dot plot
comparison for MCP amino acid sequences of
seven phages. The clusters are shown between
Joad and RS and between Vibrio phages pTD1
and VP4B. C) Dot plot comparison for terminase
amino acid sequences of seven phages. Two
clusters are formed between Joad and RS and
between Vibrio phages pTD1 and VP4B.

Figure 4-3. Whole genome comparison map
between the phages Joad and RisingSun.Figure
4-2. Dot plot comparisons for whole genome
nucleotide sequences, MCP amino acid
sequences, and terminase amino acid sequences
of seven phages. Blue horizontal and vertical
lines were added to show genome boundaries.
Erwinia phages: Joad, RisingSun (RS). Vibrio
phages: pTD1, VP4B. Pseudomonas phages: EL,
OBP, phiKZ. A) Nucleotide dot plot shows
genome similarity between seven phage genomes.
Two distinct clusters are shown, the Joad and RS
cluster and the Vibrio phage cluster. B) Dot plot
comparison for MCP amino acid sequences of
seven phages. The clusters are shown between
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Figure 4-3. Whole genome comparison map between the phages Joad and RisingSun. Adapted from Phamerator [243]
Boxes on top of the genome ruler are genes expressed on the forward strand, while boxes under the genome ruler are genes
expressed on the reverse strand. The colored boxes categorize homologous proteins. The purple between the two genomes
represents high nucleotide similarity, while the white between the two nucleotides represents nucleotide variation. Annotated
functions were collected through BLAST and Phamerator searches.
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Figure 4-4. RisingSun and Joad are unique phages whose proteomes contain novel proteins.Figure 4-3. Whole genome
comparison map between the phages Joad and RisingSun. Adapted from Phamerator [243] Boxes on top of the genome

4.4.5 Interesting Proteins and Host Range
Joad and RisingSun appear to be two very similar Jumbo phages [244] with only distant
relationship to other phages. Due to the fact that these phages are so similar, we will be
specifically referring to the genes, gene functions, and gene products of RisingSun. Of the 243
putative gene products in the RisingSun genome ~43% have no known function and do not have
any significant BLASTP hits (e-value of 10-7 or less). This large proportion of proteins with no
BLASTP hit (~43%) represents proteins that have not been previously found in nature [250,
251]. This finding, combined with their nucleotide dissimilarity discussed above, further sets
RisingSun and Joad apart. The remaining gene products are represented as those with BLASTP
hits but no known function (NKF) (~24%) and those with BLASTP hits and putative or known
functions (~33%) (Figure 4-4A). Of the ~33% of gene products with known functions, ~36% of
them are unspecified structural proteins and another ~12% represent major capsid and tail fiber
proteins. The remaining gene products with putative function are primarily putative enzymes,
namely those involved with DNA and RNA synthesis including an NAD-dependent DNA ligase
(gp108), RNA polymerase beta subunit (gp29), and a helix-turn-helix XRE-family domain
among others (gp180) (Figure 4-4B).

Figure 4-4. RisingSun and
Joad are unique phages
whose proteomes contain
novel proteins. A)
Distribution of proteins in
RisingSun based upon
BLASTP hits that are
novel, have no known
function, and putative
function. B) Putative gene
ontology in RisingSun. C)
Percentage of RisingSun
gene products with
BLASTP hits to proteins in
other phages/organisms.

Table 4-3. Host range56
of phage Joad
suggests narrow
specificity towards

The RisingSun gene products that have BLASTP hits are mainly homologous to other
phage gene products. Specifically, of the 140 gene products with BLASTP hits, 81% correspond
to Pseudomonas phage gene products. Gene products from phages EL, OBP, and phiKZ match
74%, 53%, and 24% of NKF/putative function gene products, respectively, while other
Pseudomonas phages match 37%. Vibrio phages also showed a marked similarity to the
RisingSun proteome with 63% of gene products with a BLASTP hit from a Vibrio phage gene
product. Phages VP4B and pTD1 match 58% and 60%, respectively, and other Vibrio phages
match 24% of NKF/putative function gene products. Due to the high similarity of gene products
with a BLASTP hit, we further analyzed the entire proteome of RisingSun in comparison to the
Pseudomonas and Vibrio phages EL, OBP, VP4B and pTD1.
Despite the lack of strong nucleotide similarity (see Table 4-2), an analysis of total
RisingSun gene homologs reveals 42% of RisingSun genes have homologs in Pseudomonas
phage EL, 30% have homologs in Pseudomonas phage OBP, 33% in Vibrio phage VP4B and
35% in Vibrio phage pTD1 (see Supplementary Table 3 for specific gene product homologs). In
contrast RisingSun has only 14% of its gene products in common with phiKZ (Figure 4-4C).
Note that these numbers are based off of annotation of gene products and could be different
based on annotation. Given that other phage classifications systems have grouped related phage
by 40% or greater proteome conservation, Pseudomonas phages EL and OBP as well as VP4B
and pTD1 are distant members of a more evolutionarily diverse supercluster, with EL being the
closest member to the Joad Cluster. The conserved gene products of this supercluster (totaling 63
gene products) are primarily structural genes (24 gene products) and include the MCP, portal,
terminase and tail proteins. Nineteen of the remaining conserved gene products have putative
functions in DNA replication and recombination, one appears to be involved in cell lysis (a
phage related lysozyme). This leaves 19 of the 63 conserved gene products (~30%) that have no
putative function. Due to this relationship, we tested the ability of phage Joad to infect
Pseudomonas aeruginosa as well as several Enterobacteriaceae strains (Table 4-3). Although
clear spots could be seen on Erwinia amylovora, Pantoea vegans and Pseudomonas aeruginosa
Boston 41501 by spot test, no plaques were observed on Pseudomonas aeruginosa when assayed
by plaque assay suggesting the spot test resulted from a toxin product in the Joad lysate. Joad did
not appear to infect several other Enterobacteriaceae tested (including a Pantoea agglomerans
strain, a Vibrio cholerae strain, an E. coli strain, a Dickeya strain, a Salmonella strain and an
Enterobacter strain). As noted by the infectivity Pantoea vegans but not Pantoea agglomerans
strain, this host range is no wise comprehensive since several other species or even strains within
a species may be a host of Joad.
Table 4-3. Host range of phage Joad suggests narrow specificity towards Erwinia amylovora and the closely related
Pantoea vegans bacteria. The bacteria tested is provided along with the plaque forming units from three independent
assays.
Bacteria tested
Plaque forming units/mL (Pfu/mL)
Erwinia amylovora ATCC 29780
108
Erwinia
amylovora
EA110
108 RaptorXTable 4-3. Host range of phage Joad
Figure 4-5. Predicted gp164 RisingSun functional protein modeling using
suggestsvegans
narrow
specificity towards Erwinia amylovora and the closely
Pantoea
C9-1
108 related Pantoea vegans bacteria. The bacteria
tested isagglomerans
provided along
assays.
Pantoea
E325with the plaque forming units from three independent
0
Dickeya chrysanthemi ATCC 11663
0
Figure 4-5. Predicted gp164 RisingSun functional protein modeling using RaptorX [252, 253]. A) This model reflects 57
RisingSun gene product 164 aligned to the protein DNA adenine methylase [Bilophila sp. 4_1_30]: WP_009733305.1. Both
proteins have similar folds, indicating that they may share the same function. B) This model reflects RisingSun gene
product 85 aligned to the protein RNA polymerase beta subunit [Erwinia phage vB_EamM_RAY]: ANH51783.1. The
protein folds diverge drastically, indicating that the two proteins may not share a similar function.

Salmonella enterica serovar typhimurium LT2
E. coli BW25113
Enterobacter cloacae ATCC 13047

0
0
0

Pseudomonas aeruginosa Boston 41501
Pseudomonas chlororaphis ATCC13985
Vibrio cholerae ATCC 14035

0
0
0

The RisingSun proteome also showed similarity to a range of other phage and bacteria.
The most prominent group being a highly related Erwinia phage family, which consists of
phages Deimos-Minion, Simmy50, SpecialG, and Ea35-70. This family matched to 21% of all
RisingSun gene products, while gene products from other Erwinia phages corresponded to a total
of 23% of gene products. Other phages infecting Cronobacter and Ralstonia bacteria among
others matched 26% of the gene products, while 37% of total RisingSun gene products had a
BLASTP hit to various bacteria including Pseudomonas aeruginosa (Fig. 4C). While several of
these less common matches had the lowest e-value from a particular BLAST, in a handful of
cases they were for the most part orders of magnitude higher than the Pseudomonas and Vibrio
phages discussed above.
Due to the distant nature of many of the BLASTP hits, we analyzed several protein
putative functions by comparing their predicted folds to those of their BLASTP hits using
RaptorX (Figure 4-5). Of the 50 RisingSun gene products with a putative function of interest, 26
shared similar folds to at least one of their respective BLASTP hits, suggesting that they share
that putative function (Supplementary Table 4). Ten of these 26 proteins matched those from
bacteria other than Erwinia while nine matched those from non-Erwinia phages. This leaves over
half of these proteins originating from a source other than Erwinia or its phages. The remaining
24 proteins do not have enough sequence homology to suggest further conserved function.

Figure 4-5. Predicted gp164 RisingSun functional protein modeling using RaptorX [252, 253]. A) This model reflects
RisingSun gene product 164 aligned to the protein DNA adenine methylase [Bilophila sp. 4_1_30]: WP_009733305.1. Both
proteins have similar folds, indicating that they may share the same function. B) This model reflects RisingSun gene product
85 aligned to the protein RNA polymerase beta subunit [Erwinia phage vB_EamM_RAY]: ANH51783.1. The protein folds
diverge drastically, indicating that the two proteins may not share a similar function.
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Table 4-4. RisingSun gene products with peptides detected by LC/MS/MS of a crude phage
lysate.Figure 4-5. Predicted gp164 RisingSun functional protein modeling using RaptorX [252, 253]. A) This model
reflects RisingSun gene product 164 aligned to the protein DNA adenine methylase [Bilophila sp. 4_1_30]:
WP_009733305.1. Both proteins have similar folds, indicating that they may share the same function. B) This model reflects

4.4.6 Mass Spectrometry
As shown in Table 4-4, we were able to confirm the accuracy of our genome annotation
via mass spectrometry identification of protein fragments within the viral lysate of RisingSun.
Mass spectrometry was able to identify nine structural proteins, three proteins with other putative
functions, five novel proteins, and 14 hypothetical proteins within the phage lysate. The two
proteins that had the most significant coverage and retrieval were gp68 and gp83. The gp83
product is the likely major capsid protein from BLASTP analysis, whereas gp68 has homology
(E-value: 3.10e-07) to pfam12699 phiKZ-like internal head proteins. Besides phage structural
proteins, three proteins with putative function were identified; a putative transglycosylase
(gp231) that may aid in breaking down the Erwinia cell wall, a putative UvsX-like protein that is
likely to function in DNA recombination (gp218), and a tubulin-like protein (gp17). Although a
majority (84%) of the peptides identified by mass spectrometry belong to putative hypothetical
proteins having homologs in NCBI, five completely novel proteins were identified that have
never before been reported (that lack a BLASTP hit with an E-value <10-7). These proteins
demonstrate the distant nature of this phage when compared to known phages, as 43% of the
proteins annotated were novel. Proteins that are under-represented in the mass spectrometry data
may indicate either lower expression levels, or proteins whose expression occur in the host but
are not present in the virion.
In work by Lecoutere et. al. the team performed ESI-MS/MS on Pseudomonas phages
phiKZ and EL [254]. Upon comparing the gene products, they and we have retrieved several
different gp have been in common. Of the structural proteins retrieved in RisingSun, gene
products 1, 2, 63, 66, and 68 had corresponding proteins retrieved by Lecoutere. Gene products
200 and 204 do not have matches to phage EL according to BLASTP while gp83 and gp196 do
have matches but were not retrieved in the other analysis. Gene product 231 with a putative
transglycosylase function was also retrieved by both labs while gp17 and 218 were retrieved in
our lab. In the hypothetical protein grouping gp131 and 185 did not have matches to phage EL
while gp28, 212, and 216 were only retrieved by our group. The rest of the proteins in this group
namely gp5, 59, 64, 65, 73, 189, 207, 233, and 243 were obtained by both labs.
Table 4-4. RisingSun gene products with peptides detected by LC/MS/MS of a crude phage lysate.
RisingSun gp #

Putative Protein Function

Retrieval #*

%Cov/%Cov(95)

Phage
Proteinsgene products with peptides detected by LC/MS/MS of a crude phage lysate.
Table Structural
4-4. RisingSun
gp83
major capsid protein
1
75.1/54.88
gp68
internal head protein
2
62.65/40.96
gp200
virion structural protein
12
36.36/26.22
Table 4-4. RisingSun gene products with peptides detected by LC/MS/MS of a crude phage lysate.
gp204
virion structural protein
13
35.56/25.7
gp2
tail tube protein
17
61,41/18.79
gp63
phage capsid and scaffold
26
34.33/6.54
gp1
tail
sheath
protein
43
24.12/1.26
Table 4-4. RisingSun gene products with peptides detected by LC/MS/MS
of a crude phage lysate.
gp196
virion structural protein
57
52.94/6.23
gp66
internal head protein
73
27.61*
Other Putative Functions
gp231
transglycosylase
44
53.06/4.76
gp218
UsvX recombination protein-like
84
20*

Peptides(95%)

48
80
5
6
4
2
1
1
0
1
0

59

gp17
tubulin-like protein
62
Novel Hypothetical Proteins (no BLASTP hit E-value of <10-7)
gp163
9
gp206
60
gp71
54
gp150
72
gp72
11
Hypothetical Phage Proteins
gp28
14
gp5
15
gp189
16
gp59
18
gp243
20
gp185
25
gp233
27
gp65
32
gp216
33
gp73
40

41.43/4.36

1

64.81/37.96
29.38/9.00
47.54/3.93
11.45*
37.77/20.11

7
1
1
0
10

34.19/11.65
51.69/13.84
40.26/14.29
50/8.59
46.08/6.14
38.59/9.00
29.56/4.56
18.5/4.62*
29.08/1.59*
37.26/3.79

5
6
5
3
2
2
2
1
1
1

gp207

51

18.21/5.84

1

55

41.87/5.19

1

gp64

67

43.49/4.75

1

gp212

71

21.25*

0

gp131

SPFH domain containing protein

The gene product number (RisingSun gp #), putative protein function (from BLASTP homolog or conserved domain CD),
retrieval number, percent of the protein covered by peptide matches is provided (the percentage is given for both total and
95 percent confidence peptides), and number of 95% peptides is given. *The retrieval numbers missing correspond to
bacterial or human (such as keratin) proteins present in the crude lysate. No reverse peptides of RisingSun were detected.
The asterisks (*) indicates low confidence proteins due to total coverage of less than 30%.

4.4.7 Motif Analysis Shows Putative Structural Protein Conservation
Finding conserved motifs in phage genomes may provide insight into transcriptional
Figure
4-6.
Locations
of oneamotif
discovered
in five different
structural
genes.The
gene
product number
(RisingSun
regulons, and
therefore
deeper
understanding
of phage
lifecycle
and
proteomics
due
to the
gp #), putative protein function (from BLASTP homolog or conserved domain CD), retrieval number, percent of the
frequent
co-regulation
of
related
genes
[255].
RisingSun
was
analyzed
for
motifs
using
The
protein covered by peptide matches is provided (the percentage is given for both total and 95 percent confidence peptides),
and number
of 95% peptides
is given. Galaxy
*The retrieval
numbers
missing
correspondthat
to bacterial
or you
humanto(such
as keratin)
Center
for Phage
Technology
Server
[256],
a software
allows
search
an entire
proteins
present
in
the
crude
lysate.
No
reverse
peptides
of
RisingSun
were
detected.
The
asterisks
(*)
indicates
low
genome at once. After covering the entire genome only one motif passed our e-value significance
confidence proteins due to total coverage of less than 30%.
threshold of 10-7. We then ran this motif through FIMO [242], a program that allows the search
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genes, the evidence that this conserved motif brings suggests that genes gp196-205 are indeed
structural proteins or are involved in virion assembly and that all are transcribed together. These
results, however, are hypothetical and wet lab experiments are necessary for confirmation.

Figure 4-6. Locations of one motif discovered in five different structural genes. A) Exact location of
motif sites, p and q-values, sequence of motifs (conserved nucleotides shown in red), and putative gene
function. Logogram shows motif sequence and larger letters represent frequent conservation. B) Arrows
show approximate location of motif site. Genes were analyzed from the RisingSun annotation and thus
locations are shown in the RisingSun phamerator map.
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4.5 Conclusions
Herein we report the discovery and characterization of two newly isolated Erwinia
phages, Joad and RisingSun, bringing the apparent total number of Erwinia phages on NCBI as
of writing of this article to 45 reported full genome sequences. Joad and RisingSun, at over
200kbp, are two highly related Jumbo phages of the Myoviridae family, only distantly related to
Pseudomonas phages EL and OBP and even more distantly related to Vibrio phages VP4B and
pTD1 (Figure 4-2A). All six of these phages are most likely distant phiKZ-like phages as
previously determined for EL and OBP [257, 258]. Dot Plot, ANI and BLASTP analysis all
suggest the unique nature of Joad and RisingSun phages but also brings to attention that these
phages have closest similarity to phages that infect bacteria outside of the Enterobacteriales
order of bacteria. A BLASTP analysis of the putative proteome reveals BLASTP hits for ~57%
of the proteins, however 33% are proteins of unknown function. The remaining putative gene
products with no BLASTP hits (43%) represent proteins that have not been previously found in
nature. These join the bounty of phage gene products [250, 251] with unknown structural folds
and function.
Both Pseudomonas and Vibrio phages had higher similarity to Joad and RisingSun than
any of the >800 Enterobacteriaceae phages on NCBI, despite all three of their respective hosts
phylogenetically only having the class Gammaproteobacteria in common [259]. Of the 140 gene
products with a BLASTP hit, 81% and 63% of the closest hits corresponded to gene products
from Pseudomonas and Vibrio phages, respectively. Given that Pseudomonas bacteria are found
on apple blossoms [86-91] it is reasonable to posit that extensive exposure to this strain has
allowed for lateral gene transfer between phages, with possible tail fiber exchange for host
recognition [92, 93, 260-262]. However, recent work by Adeolu and colleagues has indicated
that the Enterobacteriales order is more nuanced than previously thought and that classification
methods may need to be rethought [85]. In addition to a standard 16S rRNA based phylogenetic
tree for the order Enterobacteriales, Adeolu and colleagues constructed three more trees based
on 1548 core proteins, 53 ribosomal proteins, or four multi-locus sequence analysis proteins.
After analyzing 179 species within this order they propose forming seven families, one of which
is an Erwinia-Pantoea clade [85]. This classification is supported by our findings that these
phages are quite distinct from other Enterobacteriaceae phages and can infect a Pantoea vegans
strain. A reclassification of this magnitude highlights the complex evolution, and hence
classification, of bacteria and the phage that infect them. Because phages are a major source of
bacterial evolution, through the control of bacterial number as well as lateral gene transfer,
understanding their complexity is vital. Joad and RisingSun join the 43 other Erwinia phages
available on NCBI and provide insight into this evolutionary complexity, highlighting the
similarity between Erwinia and the Pseudomonads. The relationship of these phages with more
distant bacteria may reflect both an ecological niche as well as true diversity within the
Enterobacteriales.
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Chapter 5: Conclusions
The microbial world works at speeds that necessitate our constant attention so as not to
miss the adaptations and evolution that is occurring all around us. This is especially important as
humans gain a greater ability to engineer organisms and use them in various applications.
Because microbes are not a static system and they can compensate so quickly I have undertaken
this investigation to understand the mechanisms employed by yeast to recover metabolic
dysregulation as well as by bacteriophage and their hosts as they coevolve.
Yeast, as a eukaryotic organism with many homologs to human proteins, has provided an
efficient and useful model to identify how protein networks work to recover cellular respiration.
a key aspect of life itself. Specifically, in Chapter 2 I have identified how suppressors of the
growth defect of CBF1-deficient yeast affect respiration through DNA maintenance, cell cycle
regulation, and mitophagy. This study has lead to the identification of novel pathways for CBF1
function as well as novel proteins involved in the regulation of respiration, including the
previously uncharacterized PAL1.
Diabetics have been shown to have impaired cellular respiration in both muscle and
kidney cells during hyperglycemia contributing to a vicious cycle that shunts resources towards
fatty acid production, thus inhibiting insulin and raising blood sugar. The ability to interfere with
this cycle by restoring respiration in muscle cells could be invaluable in the treatment of diabetes
and insulin resistance. Cbf1 also controls fatty acid production, thus controlling CBF1 gives
access to controlling the effects of high blood fat levels as we redirect cellular resources. The
most interesting aspect of this portion of the research is that CBF1 acts on respiration primarily
through mitophagy, which is implicated in several other diseases including cancer, heart disease,
Parkinson’s, and Alzheimer’s. With this knowledge it makes CBF1 a prime target to study for
the treatment of many diseases.
Further work in this research should begin with answering the question how does
CBF1/USF1 affect mitophagy, cellular respiration, and fatty acid synthesis in mammalian cells.
Human alleles of USF1 have previously been associated with familial diseases of
hypertriglyceridemia and diabetes. If USF1 does affect respiration and mitophagy as I identified
in yeast, it would then be critical to characterize its interactions with the previously mentioned
PASK, a regulator of CBF1, in both healthy cells and under diabetic conditions such as
hyperglycemia to determine if it is possible to reverse the defects in respiration . Specifically,
oxygen consumption rates (OCR) and lipid production could be compared in mammalian cells
with and without USF1 and/or PASK knockdown. In addition, we are particularly interested in
characterizing the molecular mechanisms behind the phosphorylatin and inhibition of
Cbf1/USF1 by PAS kinase. Phospho-sites can be mapped mutants can be generated and tested to
see the relevance of each site on USF1 protein-protein interactions or protein-DNA interactions,
respiration, and triglyceride biosynthesis. As a potential therapeutic target, identification and
characterization of drugs that inhibit USF1 function are also of particular interest, and may be
easily identifying through the use of transcriptional reporters for USF1 targets.
In Chapters 3 and 4 I explored the adaptations of bacteriophage and host. My research
into Klebsiella phages has highlighted the diversity of tail fiber proteins, their effects on host
range, and practical application to treat antibiotic resistant infections, which has become
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common for diabetic patients with ulcers (Chapter 3). The second study characterized how
phages adapt to their ecological niche allowing them to genetically drift from their taxonomic
relatives; as in the case of Joad and RisingSun who are on an evolutionary path away from other
Erwinia phages towards Pseudomonas and Vibrio (Chapter 4). An intimate knowledge of how
phages evolve and the rapid evolution of their tail fibers leads to a greater understanding of how
they can be engineered in a lab. Regions of the genome that do not change easily or are
consistent throughout the phageome of an environment would represent the base phage that
could have various genes swapped for different applications. This would be particularly useful
for swapping or adding tail fibers for phages used in therapeutic cocktails, however it also urges
caution in the use of certain phages in phage therapy, which could alter existing phages in an
environment.
Further work entails identifying the specific resistance mechanisms of bacteria to phages
to make a predictive model used to guide phage therapy. Bacteria can gain resistance at any stage
of the phage life cycle from surface attachment to phage assembly to lysis. It would be short
sighted to focus solely on resistance mechanisms that prevent phage attachment and thus tail
fibers although this is a major contributing factor to successful infection. Resistance mechanisms
should be classified on the stage of the phage life cycle that is affected. This would serve as a
guide so that phages that require different resistance mechanisms can be combined for effective
therapy. Developing this model would also shed light on the surface receptors that different
phages bind. It would be interesting to further verify those surface receptors and match them
with particular phage tail fibers, making it sufficient to know the tail fiber sequence so another
phage can be chosen. The evolution of phages is central to bacterial evolution because of their
ability to change at a rate comparable to bacteria, their sheer numbers in the environment and
their intimate relationship with bacteria, often exchanging genes and/or leading to cell lysis.
A greater understanding of the compensatory mechanisms used by microbial life is a
fundamental key to controlling and directing the world around us, restoring healthy states from
disease states.
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Appendix A
A1 Supplementary Protocols
A1.1 Seahorse Respiration Assay
Cell Culturing and Culture Plate Preparation
The knockout yeast strains were streaked on YPAD solid media and grown for 54 hours
at RT. Different growth times and temperatures were tested with varying degrees of success.
Room temperature was chosen because we wanted to avoid gaining suppressors in the knockouts
and hiding interesting phenotypes. Using a growth time of 54 hours allowed the colonies to
become large enough to pick but minimized suppressor acquisition. Less time also yielded poor
growing liquid cultures in the next step, which failed to respire. We inoculated 5 ml of SDC
liquid media in triplicate (to make sure at least one would reach saturation) with single colonies
and grew them at 30⁰C for 42 hours while rotating. At this stage 30⁰C was chosen because room
temperature cultures yielded erratic oxygen rates and sometimes would not respire despite the
cells being alive when tested later. Approximately 18 hours before the assay the wells of the cell
culture plate were coated with 50 μl of 0.25 mg/ml concanavalin A, added 400 μl of water per
moat, and stored at 4⁰C. After the 42 hours we then diluted 100 μl of saturated cell culture into 5
ml of SGEC, made day of experiment, and let them grow at 30⁰C for 6 hours while rotating. If
the cultures don’t look saturated then there is a good chance it won’t respire. While it is possible
for a strain to be so slow growing it doesn’t get saturated but can still respire we often saw that
lack of saturation correlated with no respiration or it was erratic. The cells were then centrifuged
at 3000 rpm for three minutes and the pellets resuspended in fresh SGEC to an OD600 between
0.2 and 0.3. Seeding the proper number of cells for a Seahorse respiration assay is important as
the machine has an optimal OCR range where the readings can be normalized correctly. Using
saturated cultures as described above for these strains will put them close to the 0.2 to 0.3 OD600
range. Most strains are optimal for seeding near 0.25. However, the COT1 and RIM11 knockouts
should be near OD 0.2. PAL1 and EXO1 knockouts needed to be near OD 0.35. We seeded 50 μl
of cell suspension into wells B-G and 50 μl of SGE-Complete into wells A and H of the cell
culture plate. The plate should be washed with water prior to seeding to remove unbound
concanavin A. After seeding the plate was centrifuged at 300 rpm for 1 min with no brakes and
cell adherence was verified under a microscope. The volume of the wells was brought up to 180
μl with SGE-Complete, the moats filled with 200 μl of water, and the plate was placed in a 30⁰C
incubator for 40 min until loading into the Seahorse XFp Analyzer.
Sensor Cartridge and Drug Preparation
While preparing the cell culture plate the day before the assay we filled the wells and
moats of the sensor cartridge utility plate with 200 and 400 μl of XF calibrant, respectively and
placed it in a non-CO2 humidified 37⁰C incubator overnight. Three hours prior to beginning the
assay we prepared a 260 μM carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP) and
10% ethanol solution in SC (no carbon source media). At this stage ethanol is the primary carbon
source for the yeast and minimizing the amount added is ideal. To make sure the FCCP got into
solution it was incubated in a 45⁰C water bath. It should have a transparent very light yellow
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color when ready. After the cell culture plate has started its 40 min incubation we prepared an
806.3 μM solution of triethyltin chloride (TET) in SC in a chemical fume hood. Warnings on the
bottle included fatal when inhaled, fatal when ingested, and fatal when in contact with skin. Keep
reagent bottle wrapped in absorbent material and in a sealed secondary container. TET has a
damp earth and musty or moldy smell to it. If the smell is strong or present for a long time
something is wrong with containment. The smell is occasionally detectable when the resealed
container is taken from the fumehood but it isn’t detectable when diluted and is safe to handle.
We then loaded injection ports A and C of the sensor cartridge with 20 μl of SC, port B TET, and
port D FCCP. The sensor cartridge and utility plate were inserted into the XFp Analyzer for
calibration. Once the calibration was over the cell culture plate was inserted.
OCR Normalization and XFp Analyzer Settings
Measurement cycles were performed as a 3 min mix, no wait, and 3 min measurement.
Basal respiration was measured three times, port A injection twice, port B four times, port C
twice, and port D four times. OCR was first normalized to viable cells (pmol O2/min/cell) by
plating serial dilutions of cell cultures on YPAD and calculating CFU/μl. Using the strains in the
OD600 range described above in serial dilutions and plating has yielded easy counting when 50 μl
of a 10-3 and 100 μl of a 10-4 dilution are plated. Cells started appearing after two days but an
official count was taken after four days because some strains will have many colonies appear
later. At this time we also took note of strains that produced colonies of distinct sizes. The PAL1
knockout frequently had a population of large cells and a population of small cells. This was
observed to a smaller degree in other strains including WT. Variability in OCR was observed
between experiments but the strains consistently had the same relationship amongst each other.
To account for between run variability the average basal respiration rate (first five
measurements) of WT and any strain within 10% were averaged together. Each timepoint for
each strain including those used in the average were found as a percentage and plotted. A oneway ANOVA with a Dunnett’s post-hoc test was used to find statistical significance.
A1.2 Cell Wall Integrity
WT and pal1 cells were streaked to YPAD plates from frozen and grown for 48 h at RT.
Individual colonies were used to inoculate 5 ml of SDC and grown for 48 h at 30° while rotating.
Cultures were centrifuged at 3500 rpm for 3 min and resuspended in TE Buffer (10 mM TrisHCl, 1 mM EDTA) to an OD660 of approximately 0.450 (V1200 Spectrophotometer, VWR).
Cuvettes were filled with 3 ml of culture and 225 U of lyticase (L4025, Sigma) was added to the
cuvette, which was sealed and inverted. OD measurements were taken every 10 min for 90 min,
cuvettes were mixed by inversion before each measurement. Protocol adapted from Ovalle [5].
Three experiments were performed with a total n=9 for each strain. Maximal degradation rate
was measured as the linear portion (slope of the line) of the curves. Statistical significance was
found using a Student's t-test in Microsoft Excel 2007.
A1.3 Glycogen Content
WT and pal1 cells were streaked to YPAD plates from frozen and grown for 48 h at RT.
Individual colonies were used to inoculate 5 ml of SDC and grown for 48 h at 30° while rotating.
Cultures were centrifuged at 3500 rpm for 3 min and resuspended in 3 ml water. Glycogen
content was assayed and adapted from Rutter [6]. OD600 was measured (V1200
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Spectrophotometer, VWR) and at most 3.5 OD*ml of culture was re-pelleted and flash frozen in
liquid nitrogen. The pellet was thawed and resuspended in 50 μl of 0.25 M Na2CO3 and
incubated at 95° for 4 h in a Thermocycler to avoid evaporation. Next 30 μl of 1 M acetic acid
and 130 μl of 0.2 M sodium acetate [pH 5.2] was added to the lysates. Glycogen was hydrolyzed
by A. niger amyloglucosidase (Sigma) (1.2 U/ml final) by end over end rotation for 16 h at 57°.
The samples were then centrifuged for 5 min at 14,000 g. The supernatant was assayed for
glucose using the Sigma glucose assay kit (GAGO20) with modifications. A standard curve was
made with the following concentrations 0, 1, 5, 10, 20, 40, 60, and 80 μg/ml of glucose, diluted
down from a stock 80 μg/ml. The assay was performed in a 96 well plate. Each well was filled
with 50 μl of either the standard curve (in duplicate) or the sample (in duplicate at various
concentrations). Using a multichannel pipettor 100 μl of Assay Reagent was added to each well,
mixed thoroughly, and the plate was shaken for 30 min at 37°. After incubation 100 μl of 12M
sulfuric Acid was added to stop the reaction by mixing thoroughly. The plate was read on a
Synergy HT Biotek plate reader at 540 nm, data was collected using Gen5 1.11 software.
Glucose concentration was calculated according to the standard curve and normalized according
to actual OD*ml of culture used. Statistical significance was found using a Student's t-test in
Microsoft Excel 2007.
A2 Supplementary Figures
Supplementary Figure 1
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Supplementary Figure 2

PAL1-deficient cells have impaired cell wall integrity
Cell wall maximal degradation rates (MDR) to assess CWI were identified in the pal1
strain. CWI was analyzed by using lyticase to hydrolyze the cell wall producing spheroplasts,
which, when exposed to a solution without additives such as sorbitol, leads to decreased turgor
pressure and cell lysis, resulting in a clearing of the culture. Cells with either altered/decreased
structure or composition are sensitive to this hydrolysis. As can be seen (Supplementary Figure
2A), WT yeast is largely resistant to the lyticase challenge. MDR are reported as positive
numbers in milli-OD (mOD) with SEM. WT cell MDR was 1.75±0.72 mOD and pal1 cell MDR
was 4.54±0.22 with a p<0.0001. In one experimental run two WT replicates did react strongly to
lyticase but not to the same degree as pal1 cells, likely due to concentrations near the level of the
phenotype.
Several studies have shown that respiratory mutants have a glycogen storage defect [79]while others have shown a strong connection between glycogen storage and cell wall synthesis.
It is generally known that UDP-glucose, a universal glucose donor, is used at a high rate for cell
wall synthesis during logarithmic growth but upon entering stationary phase UDP-glucose is
redirected into glycogen stores at a higher frequency [8].
Glycogen storage of pal1 cells is impaired
In response to the Pal1p-Gip2p interaction we proceeded to investigate how Pal1p might
affect glycogen metabolism and storage. Based on other findings surrounding the relationship of
CWI and glycogen storage, pal1 cells could have decreased glycogen due to the respiratory
defect, or more glycogen stored because UDP-glucose was not being used for cell wall
construction [10, 11]. After growth in SDC cellular glycogen was converted to glucose and
measured. Through three separate experiments, n=3 for WT and pal1 cells in each individual run
it was found that pal1 cells consistently had significantly less glycogen than WT at 48 hours
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(WT was 1.5—2.9X pal1). Data between runs were not combined as there was variability
between runs. The glycogen levels (Average [μg] glycogen/OD*ml) and p-values for each run
are as follows; Run 1: WT 17.5±2.8, pal1 6.0±0.3, ratio=2.9, p=0.015 (Supplementary Figure
2B), Run 2: WT 5.4±0.6, pal1 3.6±0.1, ratio=1.5 p=0.047, Run 3: WT 86.9±4.4, pal1 33.4±9.0,
ratio=2.6 p=0.002. A Student’s t-test was used to find significance and variance is SEM.
Supplementary Figure 3

Supplementary Figure 3. ValerieMcCarty phage major capsid proteins are grouped with Klebsiella
Jiaodaviruses. All Klebsiella phage major capsid protein amino acid sequences from the top 250 BLASTP hits
(Taxonomy tab) were aligned to generate a Neighbor-Joining Tree using MEGAX software [1]. Bootstrapping
(500 iterations) was used to identify branches (Bootstrap Consensus Tree shown) [2-4].
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Supplementary Figure 4

Supplementary Figure 4.
ValerieMcCarty phage major capsid
proteins show similarity to
Enterobacter and Cronobacter phage
major capsid proteins.
Representative Klebsiella phage
major capsid protein amino acid
sequences from the top 250 BLASTP
hits (Taxonomy tab) and other
representative Enterobacterales
phages were aligned to generate a
Neighbor-Joining Tree using MEGAX
software [1]. Bootstrapping (500
iterations) was used to identify
branches (Bootstrap Consensus Tree
shown) [2-4].
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Supplementary Figure 5

Supplementary Figure 5. ValerieMcCarty phage large terminase proteins are grouped with Klebsiella
Jiaodaviruses. All Klebsiella large terminase protein amino acid sequences from the top 250 BLASTP hits
(Taxonomy tab) were aligned to generate a Neighbor-Joining Tree using MEGAX software [1]. Bootstrapping
(500 iterations) was used to identify branches (Bootstrap Consensus Tree shown) [2-4].
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Supplementary Figure 6

Supplementary Figure 6.
ValerieMcCarty phage
large terminase proteins
show similarity to
Enterobacter phage large
terminase proteins.
Representative Klebsiella
phage large terminase
protein amino acid
sequences from the top
250 BLASTP hits
(Taxonomy tab) and
other representative
Enterobacterales phages
were aligned to generate
a Neighbor-Joining Tree
using MEGAX software
[1]. Bootstrapping (500
iterations) was used to
identify branches
(Bootstrap Consensus
Tree shown) [2-4].
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A3 Supplementary Tables
Supplementary Table 1. Pal1p Interactors according to BioGrid and Cytoscape
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9190
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0 ECM21 6884
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0 MON1
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0
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884
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0
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0
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0
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0
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0
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0
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0
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0
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0
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200
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0
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3
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FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE

name

4
4
3
4
4
4
4
4
4
4
4
5
4
4
4
4
4
4
5
4
4
4
5
4
4
4
4
4
5
5
5
5
5
5
5
5
5
5
4
5
4
4
4
4
4
4
4
5
5
5
5
5
5
5
4
5
5
5
4
4
5
5
5
5
5
5
5

Matching.Attribute

Eccentricity

0.01017 121
0.01581 45
0.05 28
0.00791 25
0.01581 25
0 18
0.00735 18
0.07619 17
0.02222 11
0.4
7
0.1
6
0.2
6
0
5
0
5
0.3
5
0
5
0
5
0.66667
5
0
4
0
4
0
4
1
4
0
4
0
4
0
4
0
4
0
4
0
4
0
3
0
3
0
3
0
3
0
3
1
3
0
3
0
3
1
3
0
3
0
3
0
3
1
3
0
3
1
3
1
3
0
3
1
3
1
3
0
3
1
3
1
3
1
3
0
2
0
2
0
2
0
2
0
2
1
2
0
2
0
2
0
2
0
2
0
2
0
2
0
2
0
2
0
2
0
2

IsSingleNode

Degree

0.58371
0.409524
0.492366
0.396923
0.454225
0.372832
0.440273
0.472527
0.420195
0.452632
0.387387
0.376093
0.408228
0.387387
0.394495
0.388554
0.396923
0.421569
0.368571
0.396923
0.378299
0.422951
0.364407
0.404389
0.375
0.404389
0.404389
0.404389
0.398148
0.398148
0.313869
0.371758
0.371758
0.379412
0.347709
0.292517
0.372832
0.317734
0.346774
0.317734
0.348649
0.346774
0.400621
0.400621
0.372832
0.400621
0.400621
0.40566
0.390909
0.390909
0.390909
0.34492
0.316953
0.328244
0.353425
0.316176
0.339474
0.288591
0.349593
0.349593
0.332474
0.332474
0.34492
0.291196
0.291196
0.291196
0.291196

ClusteringCoefficient

0.598902
0.1548767
0.1552787
0.1306408
0.1325423
0.1101285
0.1084875
0.113573
0.04765
0.0075703
0.015029
0.008975
0.019772
0.0107164
0.0100208
0.0129554
0.0123938
0.008683
0.0087884
0.0154252
0.008222
0
0.0050711
0.008683
0.0055073
0.008683
0.008683
0.008683
0.0204997
0.0204997
0.011447
0.0110094
0.0155039
0
0.002117
0.0155039
0
0.0024435
0.0016539
0.0024435
0
0.0016539
0
0
0.0030767
0
0
0.018741
0
0
0
0.0028886
0.0010581
0.0023129
0.002624
7.20E-04
0
1.17E-04
8.77E-04
8.77E-04
0.0011981
0.0011981
0.0035402
0
0
0
0

ClosenessCentrality

BetweennessCentrality

AverageShortestPathLength

1.71318
2.44186
2.03101
2.51938
2.20155
2.68217
2.27132
2.11628
2.37984
2.2093
2.5814
2.65891
2.44961
2.5814
2.53488
2.57364
2.51938
2.37209
2.71318
2.51938
2.64341
2.36434
2.74419
2.47287
2.66667
2.47287
2.47287
2.47287
2.51163
2.51163
3.18605
2.68992
2.68992
2.63566
2.87597
3.4186
2.68217
3.14729
2.88372
3.14729
2.86822
2.88372
2.49612
2.49612
2.68217
2.49612
2.49612
2.46512
2.55814
2.55814
2.55814
2.89922
3.15504
3.04651
2.82946
3.16279
2.94574
3.46512
2.86047
2.86047
3.00775
3.00775
2.89922
3.43411
3.43411
3.43411
3.43411

0.034872
0.078804
0.067727
0.101449
0.071774
0.152778
0.082166
0.098551
0.128571
0.234628
0.268852
0.236667
0.280597
0.323276
0.313043
0.324561
0.27459
0.4
0.325581
0.329167
0.33
0.387597
0.319767
0.532895
0.423077
0.532895
0.532895
0.532895
0.506667
0.506667
0.5
0.383648
0.5
0.514706
0.40404
0.5
0.524194
0.564103
0.564103
0.564103
0.55814
0.564103
0.559211
0.559211
0.444444
0.559211
0.559211
0.50625
0.532051
0.532051
0.532051
0.516667
0.565217
0.55
0.539474
0.568182
0.542857
0.583333
0.571429
0.571429
0.575758
0.575758
0.513514
0
0
0
0
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0 NST1
0 FKS1
0 SAM37
0 BCK1
0 MDM32
0 TAF5
0 CYC8
0 PDR3
0 RAD50
0 SAS3
0 SSL2
0 STH1
0 THI3
0 GDA1
0 SMY2
0 YIP3
0 MSH1
0 RPM2
0 APC4
0 VHS1
0 SCW10
0 BPL1
0 AIP1
0 URA3
0 ATG10
0 TPS1
0 CCC2
0 PXP2
0 YPR158C
0 AIM21
0 RBH1
0 SRI1
0 TMA22
0 YOR343C
0 YPL257W
0 Yra1
0 Rrt15
0 Por1
0 Alg9
0 MLH1
0 CCW12
0 SGF29
0 MNN11
0 EDE1
0 ECM33
0 SLA1
0 LTE1
0 SLG1
0 AIM18
0 MID2
0 RRT15
0 HHF1
0 HHF2
0 SNN1
0 EPO1
0 AGP2
0 CYK3
0 LRO1
0 MGR2
0 RPS4B
0 TGS1
0 OCA4
0 YPK1

TopologicalCoefficient

FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE

Stress

0.959
0.969
0.97
0.969
0.97
0.968
0.972
0.972
0.972
0.972
0.972
0.972
0.972
0.972
0.972
0.972
0.972
0.972
0.972
0.972
0.972
0.972
0.972
0.972
0.972
0.972
0.972
0.972
0.972
0.972
0.972
0.972
0.972
0.972
0.972
0.972
0.972
0.972
0.972
0.955
0.955
0.955
0.955
0.955
0.955
0.955
0.96
0.965
0.965
0.965
0.943
0.962
0.962
0.962
0.966
0.958
0.958
0.958
0.958
0.958
0.958
0.963
0.963

SelfLoops

1
0
0
0
0
0
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

shared name

2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

selected

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

Radiality

NumberOfUndirectedEdges

23
24
24
24
24
23
60
60
60
60
60
60
60
60
60
60
60
60
60
60
60
60
60
60
60
60
60
60
60
60
60
60
60
60
60
60
60
60
60
18
18
18
18
18
18
2
10
15
15
15
2
17
17
17
25
23
23
23
23
23
23
23
23

PartnerOfMultiEdgedNodePairs

LTE1

NST1
FKS1
SAM37
BCK1
MDM32
TAF5
CYC8
PDR3
RAD50
SAS3
SSL2
STH1
THI3
GDA1
SMY2
YIP3
MSH1
RPM2
APC4
VHS1
SCW10
BPL1
AIP1
URA3
ATG10
TPS1
CCC2
PXP2
YPR158C
AIM21
RBH1
SRI1
TMA22
YOR343C
YPL257W
Yra1
Rrt15
Por1
Alg9
MLH1
CCW12
SGF29
MNN11
EDE1
ECM33
SLA1
LTE1
SLG1
AIM18
MID2
RRT15
HHF1
HHF2
SNN1
EPO1
AGP2
CYK3
LRO1
MGR2
RPS4B
TGS1
OCA4
YPK1

NumberOfDirectedEdges

FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE

NeighborhoodConnectivity

5
4
4
4
4
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
6
5
5
5
5
6
5
5
5
4
5
5
5
5
5
5
5
5

name
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2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

Matching.Attribute

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

IsSingleNode

Degree

Eccentricity

ClusteringCoefficient

ClosenessCentrality

BetweennessCentrality

AverageShortestPathLength

3.43411
0 0.291196
2.83721 4.87E-04 0.352459
2.82171 0.0011803 0.354396
2.83721 4.87E-04 0.352459
2.82171 0.0011803 0.354396
2.90698 0.0014098
0.344
2.70543
0 0.369628
2.70543
0 0.369628
2.70543
0 0.369628
2.70543
0 0.369628
2.70543
0 0.369628
2.70543
0 0.369628
2.70543
0 0.369628
2.70543
0 0.369628
2.70543
0 0.369628
2.70543
0 0.369628
2.70543
0 0.369628
2.70543
0 0.369628
2.70543
0 0.369628
2.70543
0 0.369628
2.70543
0 0.369628
2.70543
0 0.369628
2.70543
0 0.369628
2.70543
0 0.369628
2.70543
0 0.369628
2.70543
0 0.369628
2.70543
0 0.369628
2.70543
0 0.369628
2.70543
0 0.369628
2.70543
0 0.369628
2.70543
0 0.369628
2.70543
0 0.369628
2.70543
0 0.369628
2.70543
0 0.369628
2.70543
0 0.369628
2.70543
0 0.369628
2.70543
0 0.369628
2.70543
0 0.369628
2.70543
0 0.369628
3.67442
0 0.272152
3.67442
0 0.272152
3.67442
0 0.272152
3.67442
0 0.272152
3.67442
0 0.272152
3.67442
0 0.272152
3.68217
0 0.271579
3.37209
0 0.296552
3.10853
0 0.321696
3.10853
0 0.321696
3.10853
0 0.321696
4.41085
0 0.226714
3.26357
0 0.306413
3.26357
0 0.306413
3.26357
0 0.306413
3.02326
0 0.330769
3.51163
0 0.284768
3.51163
0 0.284768
3.51163
0 0.284768
3.51163
0 0.284768
3.51163
0 0.284768
3.51163
0 0.284768
3.1938
0 0.313107
3.1938
0 0.313107

0
0
118
0.575
232 0.589744
118
0.575
232 0.589744
264 0.578947
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
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Supplementary Table 2. Resistance Mechanisms of CDC antibiotic resistant isolates
Strain
K3
K5
K12
K16
K28
K112
K126
K129
K143
K148
K160
E1
E13
E20
E114
E150
E162
S121
S122
S123
S124

Identified Resistance Mechanisms
aac(6')-Ib, aadA1, dfrA14, KPC-3, OmpK35, oqxA, oqxA, oqxB, OXA-9, SHV-12,
strA, strB, sul2
aac(6')-Ib, aph(3')-Ia, catA1, dfrA12, KPC-2, mph(A), OmpK35, oqxA, oqxA, oqxB,
OXA-9, SHV-11, sul1, TEM-1A
aac(6')-Ib, aph(4)-Ia, catA1, cmlA1, dfrA12, OmpK35, oqxA, oqxA, oqxB, SHV-12,
sul1, sul3
LEN16
aac(6'), aph(3'), aph(4), catA1, cmlA1, dfrA12, KPC-3, mph(A), oqxA, oqxA, oqxB,
sul1, sul3
aac(6')Ib-cr, catB3, dfrA1, fosA, KPC-2, OmpK36, oqxA, oqxA, OXA-1, sul1,
TEM-1B
aac(6')-Ib, aadA2, aph(3')-Ia, catA1, dfrA12, KPC-3, mph(A), OmpK35, oqxA,
oqxA, oqxB, sul1, TEM-1A
aac(3)-IId, aac(6')-Ib, armA, ARR-3, catA1, cmlA1, CMY-4, CTX-M-15, dfrA1,
fosA, mph(E), msr(E), NDM-1, oqxA, oqxA, OXA-9, strA, strB, sul2, TEM-1A
aac(3)-IId, CMY-6, CTX-M-15, dfrA14, mph(A), NDM-1, oqxA, oqxA, OXA-1,
QnrB7, rmtC, SHV-11, strA, strB, sul1, sul2, TEM-1B, tet(A)
fosA, oqxA, oqxA, oqxB, OXA-48, SHV-11
aac(6')Ib-cr, aadA5, dfrA17, KPC-3, mph(A), OXA-1, sul1, tet(A)
aac(3)-IId, aadA2, catA1, CTX-M-14, dfrA12, mph(A), sul1, TEM-1B, tet(A)
aadB, cmlA1, dfrA5, KPC-3, strA, strB, sul1, sul2, TEM-1B
aadA5, CMY-42, dfrA17, mph(A), NDM-5, sul1, TEM-1B, tet(A)
CTX-M-15, erm(B), NDM-7, QnrS1, strA, strB, sul2, TEM-1B, tet(A)
SME-3
SME-3
SME-3
SME-3

75

76

77

78

79

Bibliography
1.
Andersson, D.I. and D. Hughes, Antibiotic resistance and its cost: is it possible to reverse
resistance? Nature Reviews Microbiology, 2010. 8(4): p. 260-271.
2.
Maher, M.C., et al., The fitness cost of antibiotic resistance in Streptococcus
pneumoniae: insight from the field. PLoS One, 2012. 7(1): p. e29407.
3.
Melnyk, A.H., A. Wong, and R. Kassen, The fitness costs of antibiotic resistance
mutations. Evol Appl, 2015. 8(3): p. 273-83.
4.
Morosini, M.I., et al., Biological cost of AmpC production for Salmonella enterica
serotype typhimurium. Antimicrobial Agents and Chemotherapy, 2000. 44(11): p. 31373143.
5.
Freihofer, P., et al., Nonmutational compensation of the fitness cost of antibiotic
resistance in mycobacteria by overexpression of tlyA rRNA methylase. Rna, 2016. 22(12):
p. 1836-1843.
6.
Association, A.D. Statistics About Diabetes. Available from:
https://www.diabetes.org/resources/statistics/statistics-about-diabetes.
7.
Hao, H.X., et al., PAS kinase is required for normal cellular energy balance. Proceedings
of the National Academy of Sciences of the United States of America, 2007. 104(39): p.
15466-15471.
8.
Hao, H.X. and J. Rutter, The role of PAS kinase in regulating energy metabolism. Iubmb
Life, 2008. 60(4): p. 204-209.
9.
Pape, J.A., et al., Per-Arnt-Sim Kinase (PASK) Deficiency Increases Cellular Respiration
on a Standard Diet and Decreases Liver Triglyceride Accumulation on a Western HighFat High-Sugar Diet. Nutrients, 2018. 10(12).
10.
Al-Goblan, A.S., M.A. Al-Alfi, and M.Z. Khan, Mechanism linking diabetes mellitus and
obesity. Diabetes Metab Syndr Obes, 2014. 7: p. 587-91.
11.
Barnes, A.S., The epidemic of obesity and diabetes: trends and treatments. Tex Heart Inst
J, 2011. 38(2): p. 142-4.
12.
Bouhairie, V.E. and J.B. McGill, Diabetic Kidney Disease. Mo Med, 2016. 113(5): p.
390-394.
13.
Sulaiman, M.K., Diabetic nephropathy: recent advances in pathophysiology and
challenges in dietary management. Diabetol Metab Syndr, 2019. 11: p. 7.
14.
Bansal, V., J. Kalita, and U.K. Misra, Diabetic neuropathy. Postgrad Med J, 2006.
82(964): p. 95-100.
15.
Juster-Switlyk, K. and A.G. Smith, Updates in diabetic peripheral neuropathy.
F1000Res, 2016. 5.
16.
Biondi, B., G.J. Kahaly, and R.P. Robertson, Thyroid Dysfunction and Diabetes Mellitus:
Two Closely Associated Disorders. Endocrine Reviews, 2019. 40(3): p. 789-824.
17.
Tan, M.H. and P. Arvan, Better care for people with diabetes and endocrine diseases.
Clin Diabetes Endocrinol, 2015. 1: p. 1.
18.
Abudawood, M., Diabetes and cancer: A comprehensive review. J Res Med Sci, 2019.
24: p. 94.
19.
Lin, C., J. Liu, and H. Sun, Risk factors for lower extremity amputation in patients with
diabetic foot ulcers: A meta-analysis. PLoS One, 2020. 15(9): p. e0239236.
20.
Narres, M., et al., Incidence of lower extremity amputations in the diabetic compared
with the non-diabetic population: A systematic review. PLoS One, 2017. 12(8): p.
e0182081.
80

21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.

Armstrong, D.G., A.J.M. Boulton, and S.A. Bus, Diabetic Foot Ulcers and Their
Recurrence. N Engl J Med, 2017. 376(24): p. 2367-2375.
Kwon, K.T. and D.G. Armstrong, Microbiology and Antimicrobial Therapy for Diabetic
Foot Infections. Infect Chemother, 2018. 50(1): p. 11-20.
Jain, S.K. and R. Barman, Bacteriological Profile of Diabetic Foot Ulcer with Special
Reference to Drug-resistant Strains in a Tertiary Care Center in North-East India. Indian
J Endocrinol Metab, 2017. 21(5): p. 688-694.
Saltoglu, N., et al., Influence of multidrug resistant organisms on the outcome of diabetic
foot infection. International Journal of Infectious Diseases, 2018. 70: p. 10-14.
Ogba, O.M., E. Nsan, and E.S. Eyam, Aerobic bacteria associated with diabetic foot
ulcers and their susceptibility pattern. Biomedical Dermatology, 2019. 3(1): p. 1.
Association, A.D. The path to understanding diabetes starts here.; Available from:
https://www.diabetes.org/diabetes.
Wilcox, G., Insulin and insulin resistance. Clin Biochem Rev, 2005. 26(2): p. 19-39.
Petrie, J.R., T.J. Guzik, and R.M. Touyz, Diabetes, Hypertension, and Cardiovascular
Disease: Clinical Insights and Vascular Mechanisms. Can J Cardiol, 2018. 34(5): p. 575584.
Hirano, T., Pathophysiology of Diabetic Dyslipidemia. J Atheroscler Thromb, 2018.
25(9): p. 771-782.
Leon, B.M. and T.M. Maddox, Diabetes and cardiovascular disease: Epidemiology,
biological mechanisms, treatment recommendations and future research. World J
Diabetes, 2015. 6(13): p. 1246-58.
Lewis, G.F., et al., Disordered Fat Storage and Mobilization in the Pathogenesis of
Insulin Resistance and Type 2 Diabetes. Endocrine Reviews, 2002. 23(2): p. 201-229.
Hawkins, M., et al., Contribution of elevated free fatty acid levels to the lack of glucose
effectiveness in type 2 diabetes. Diabetes, 2003. 52(11): p. 2748-58.
Wyne, K.L., Free fatty acids and type 2 diabetes mellitus. The American Journal of
Medicine, 2003. 115(8, Supplement 1): p. 29-36.
Stein, D.T., et al., The insulinotropic potency of fatty acids is influenced profoundly by
their chain length and degree of saturation. The Journal of Clinical Investigation, 1997.
100(2): p. 398-403.
Delma, M.I., The Quest for Type 2 Diabetes Subgroups Identification: Literature Review
for a New Subtype Proposal. Cureus, 2018. 10(12): p. e3770.
Ahlqvist, E., R.B. Prasad, and L. Groop, Subtypes of Type 2 Diabetes Determined From
Clinical Parameters. Diabetes, 2020: p. dbi200001.
Ahlqvist, E., et al., Novel subgroups of adult-onset diabetes and their association with
outcomes: a data-driven cluster analysis of six variables. Lancet Diabetes Endocrinol,
2018. 6(5): p. 361-369.
Sivitz, W.I. and M.A. Yorek, Mitochondrial dysfunction in diabetes: from molecular
mechanisms to functional significance and therapeutic opportunities. Antioxid Redox
Signal, 2010. 12(4): p. 537-77.
Sergi, D., et al., Mitochondrial (Dys)function and Insulin Resistance: From
Pathophysiological Molecular Mechanisms to the Impact of Diet. Front Physiol, 2019.
10: p. 532.
Kwak, S.H., et al., Mitochondrial metabolism and diabetes. J Diabetes Investig, 2010.
1(5): p. 161-9.
81

41.
42.
43.
44.
45.
46.
47.
48.
49.
50.
51.

52.
53.
54.
55.
56.
57.

Mogensen, M., et al., Mitochondrial Respiration Is Decreased in Skeletal Muscle of
Patients With Type 2 Diabetes. Diabetes, 2007. 56(6): p. 1592-1599.
Phielix, E., et al., Lower Intrinsic ADP-Stimulated Mitochondrial Respiration Underlies
In Vivo Mitochondrial Dysfunction in Muscle of Male Type 2 Diabetic Patients. Diabetes,
2008. 57(11): p. 2943-2949.
Czajka, A. and A.N. Malik, Hyperglycemia induced damage to mitochondrial respiration
in renal mesangial and tubular cells: Implications for diabetic nephropathy. Redox Biol,
2016. 10: p. 100-107.
Kausar, S., F. Wang, and H. Cui, The Role of Mitochondria in Reactive Oxygen Species
Generation and Its Implications for Neurodegenerative Diseases. Cells, 2018. 7(12).
Lunt, S.Y. and M.G.V. Heiden, Aerobic Glycolysis: Meeting the Metabolic Requirements
of Cell Proliferation. Annual Review of Cell and Developmental Biology, 2011. 27(1): p.
441-464.
Spinelli, J.B. and M.C. Haigis, The multifaceted contributions of mitochondria to cellular
metabolism. Nature Cell Biology, 2018. 20(7): p. 745-754.
Amezcua, C.A., et al., Structure and interactions of PAS kinase N-terminal PAS domain:
model for intramolecular kinase regulation. Structure, 2002. 10(10): p. 1349-61.
DeMille, D. and J.H. Grose, PAS Kinase: A Nutrient Sensing Regulator of Glucose
Homeostasis. Iubmb Life, 2013. 65(11): p. 921-929.
Zhang, D.D., et al., Per-Arnt-Sim Kinase (PASK): An Emerging Regulator of Mammalian
Glucose and Lipid Metabolism. Nutrients, 2015. 7(9): p. 7437-7450.
Schlafli, P., et al., The PAS-domain kinase PASKIN: a new sensor in energy homeostasis.
Cellular and Molecular Life Sciences, 2009. 66(5): p. 876-883.
da Silva Xavier, G., J. Rutter, and G.A. Rutter, Involvement of Per-Arnt-Sim (PAS) kinase
in the stimulation of preproinsulin and pancreatic duodenum homeobox 1 gene
expression by glucose. Proceedings of the National Academy of Sciences of the United
States of America, 2004. 101(22): p. 8319-8324.
Wilson, W.A., et al., Control of mammalian glycogen synthase by PAS kinase.
Proceedings of the National Academy of Sciences of the United States of America, 2005.
102(46): p. 16596-16601.
Fontes, G., et al., Involvement of Per-Arnt-Sim Kinase and Extracellular-Regulated
Kinases-1/2 in Palmitate Inhibition of Insulin Gene Expression in Pancreatic beta-Cells.
Diabetes, 2009. 58(9): p. 2048-2058.
Semache, M., et al., Per-Arnt-Sim Kinase Regulates Pancreatic Duodenal Homeobox-1
Protein Stability via Phosphorylation of Glycogen Synthase Kinase 3 beta in Pancreatic
beta-Cells. Journal of Biological Chemistry, 2013. 288(34): p. 24825-24833.
Wu, X.Y., et al., PAS Kinase Drives Lipogenesis through SREBP-1 Maturation. Cell
Reports, 2014. 8(1): p. 242-255.
Hurtado-Carneiro, V., et al., PAS Kinase as a Nutrient Sensor in Neuroblastoma and
Hypothalamic Cells Required for the Normal Expression and Activity of Other Cellular
Nutrient and Energy Sensors. Molecular Neurobiology, 2013. 48(3): p. 904-920.
Shaw, R.J., et al., The tumor suppressor LKB1 kinase directly activates AMP-activated
kinase and regulates apoptosis in response to energy stress. Proceedings of the National
Academy of Sciences of the United States of America, 2004. 101(10): p. 3329-3335.

82

58.
59.

60.
61.
62.
63.
64.
65.
66.
67.
68.
69.
70.
71.
72.
73.
74.

Aow, J.S.Z., et al., Differential binding of the related transcription factors Pho4 and
Cbf1 can tune the sensitivity of promoters to different levels of an induction signal.
Nucleic Acids Research, 2013. 41(9): p. 4877-4887.
Foreman, P.K. and R.W. Davis, POINT MUTATIONS THAT SEPARATE THE ROLE OF
SACCHAROMYCES-CEREVISIAE CENTROMERE-BINDING FACTOR-I IN
CHROMOSOME SEGREGATION FROM ITS ROLE IN TRANSCRIPTIONAL
ACTIVATION. Genetics, 1993. 135(2): p. 287-296.
Moreau, J.L., et al., Regulated displacement of TBP from the PHO8 promoter in vivo
requires Cbf1 and the Isw1 chromatin remodeling complex. Molecular Cell, 2003. 11(6):
p. 1609-1620.
DeMille, D., et al., The Regulation of Cbf1 by PAS Kinase Is a Pivotal Control Point for
Lipogenesis vs. Respiration in Saccharomyces cerevisiae. G3 (Bethesda), 2019. 9(1): p.
33-46.
Kuras, L., R. Barbey, and D. Thomas, Assembly of a bZIP-bHLH transcription activation
complex: Formation of the yeast Cbf1-Met4-Met28 complex is regulated through Met28
stimulation of Cbf1 DNA binding. Embo Journal, 1997. 16(9): p. 2441-2451.
Sawadogo, M. and R.G. Roeder, INTERACTION OF A GENE-SPECIFIC
TRANSCRIPTION FACTOR WITH THE ADENOVIRUS MAJOR LATE PROMOTER
UPSTREAM OF THE TATA BOX REGION. Cell, 1985. 43(1): p. 165-175.
Iynedjian, P.B., Identification of upstream stimulatory factor as transcriptional activator
of the liver promoter of the glucokinase gene. Biochemical Journal, 1998. 333: p. 705712.
Vallet, V.S., et al., Differential roles of upstream stimulatory factors 1 and 2 in the
transcriptional response of liver genes to glucose. Journal of Biological Chemistry, 1998.
273(32): p. 20175-20179.
Ribeiro, A., et al., Cooperative binding of upstream stimulatory factor and hepatic
nuclear factor 4 drives the transcription of the human apolipoprotein A-II gene. Journal
of Biological Chemistry, 1999. 274(3): p. 1216-1225.
Casado, M., et al., Essential role in vivo of upstream stimulatory factors for a normal
dietary response of the fatty acid synthase gene in the liver. Journal of Biological
Chemistry, 1999. 274(4): p. 2009-2013.
DeMille, D., et al., A comprehensive protein-protein interactome for yeast PAS kinase 1
reveals direct inhibition of respiration through the phosphorylation of Cbf1. Molecular
Biology of the Cell, 2014. 25(14): p. 2199-2215.
Warnock, D.W., et al., FLUOCONAZOLE RESISTANCE IN CANDIDA GLABRATA.
Lancet, 1988. 2(8623): p. 1310-1310.
Hansman, D. and M.M. Bullen, A RESISTANT PNEUMOCOCCUS. Lancet, 1967.
2(7509): p. 264-&.
Phillips, I., BETA-LACTAMASE-PRODUCING, PENICILLIN-RESISTANT
GONOCOCCUS. Lancet, 1976. 2(7987): p. 656-657.
Jevons, M.P., G.N. Rolinson, and R. Knox, CELBENIN-RESISTANT STAPHYLOCOCCI.
British Medical Journal, 1961. 1(521): p. 124-&.
Antibiotic resistance threats in the United States, 2019. 2019.
D'Costa, V.M., et al., Antibiotic resistance is ancient. Nature, 2011. 477(7365): p. 457461.

83

75.
76.
77.
78.
79.
80.
81.
82.
83.
84.
85.

86.
87.
88.
89.
90.
91.

Perry, J., N. Waglechner, and G. Wright, The Prehistory of Antibiotic Resistance. Cold
Spring Harbor Perspectives in Medicine, 2016. 6(6): p. 8.
Pawlowski, A.C., et al., A diverse intrinsic antibiotic resistome from a cave bacterium.
Nature Communications, 2016. 7: p. 10.
Rascovan, N., et al., Exploring divergent antibiotic resistance genes in ancient
metagenomes and discovery of a novel beta-lactamase family. Environmental
Microbiology Reports, 2016. 8(5): p. 886-895.
Suttle, C.A., Marine viruses--major players in the global ecosystem. Nat Rev Microbiol,
2007. 5(10): p. 801-12.
Sousa, J.A.M.d. and E.P.C. Rocha, Environmental structure drives resistance to phages
and antibiotics during phage therapy and to invading lysogens during colonisation.
Scientific Reports, 2019. 9(1): p. 3149.
Olszak, T., et al., Phage Life Cycles Behind Bacterial Biodiversity. Current Medicinal
Chemistry, 2017. 24(36): p. 3987-4001.
Cahill, J. and R. Young, Phage Lysis: Multiple Genes for Multiple Barriers, in Advances
in Virus Research, Vol 103, M. Kielian, T.C. Mettenleiter, and M.J. Roossinck, Editors.
2019, Academic Press Ltd-Elsevier Science Ltd: London. p. 33-70.
Norelli, J.L., A.L. Jones, and H.S. Aldwinckle, Fire blight management in the twenty-first
century - Using new technologies that enhance host resistance in apple. Plant Disease,
2003. 87(7): p. 756-765.
Pusey, P.L., Crab apple blossoms as a model for research on biological control of fire
blight. Phytopathology, 1997. 87(11): p. 1096-1102.
Vrancken, K., et al., Pathogenicity and infection strategies of the fire blight pathogen
Erwinia amylovora in Rosaceae: State of the art. Microbiology-Sgm, 2013. 159: p. 823832.
Adeolu, M., et al., Genome-based phylogeny and taxonomy of the 'Enterobacteriales':
proposal for Enterobacterales ord. nov divided into the families Enterobacteriaceae,
Erwiniaceae fam. nov., Pectobacteriaceae fam. nov., Yersiniaceae fam. nov., Hafniaceae
fam. nov., Morganellaceae fam. nov., and Budviciaceae fam. nov. International Journal of
Systematic and Evolutionary Microbiology, 2016. 66: p. 5575-5599.
Pusey, P.L., V.O. Stockwell, and M. Mazzola, Epiphytic bacteria and yeasts on apple
blossoms and their potential as antagonists of Erwinia amylovora. Phytopathology, 2009.
99(6): p. S105-S105.
Bedford, K.E., et al., POPULATION-DYNAMICS OF PSEUDOMONAS-SYRINGAE PV
PAPULANS ON MUTSU APPLE. Canadian Journal of Plant Pathology-Revue
Canadienne De Phytopathologie, 1988. 10(1): p. 23-29.
Kennelly, M.M., et al., Pseudomonas syringae diseases of fruit trees - Progress toward
understanding and control. Plant Disease, 2007. 91(1): p. 4-17.
Mansvelt, E.L. and M.J. Hattingh, PSEUDOMONAS-SYRINGAE PV SYRINGAE
ASSOCIATED WITH APPLE AND PEAR BUDS IN SOUTH-AFRICA. Plant Disease,
1987. 71(9): p. 789-792.
Kotan, R., F. Sahin, and A. Ala, Identification and pathogenicity of bacteria isolated
from pome fruit trees in the Eastern Anatolia region of Turkey. Journal of Plant Diseases
and Protection, 2006. 113(1): p. 8-13.
Miliute, I., et al., Plant growth promoting and antagonistic properties of endophytic
bacteria isolated from domestic apple. Zemdirbyste-Agriculture, 2016. 103(1): p. 77-82.
84

92.

93.
94.
95.
96.
97.
98.
99.
100.
101.
102.
103.
104.
105.
106.
107.
108.
109.
110.
111.

Haggardljungquist, E., C. Halling, and R. Calendar, DNA-SEQUENCES OF THE TAIL
FIBER GENES OF BACTERIOPHAGE P2 - EVIDENCE FOR HORIZONTAL
TRANSFER OF TAIL FIBER GENES AMONG UNRELATED BACTERIOPHAGES.
Journal of Bacteriology, 1992. 174(5): p. 1462-1477.
Sandmeier, H., S. Iida, and W. Arber, DNA INVERSION REGIONS MIN OF PLASMID
P15B AND CIN OF BACTERIOPHAGE-P1 - EVOLUTION OF BACTERIOPHAGE
TAIL FIBER GENES. Journal of Bacteriology, 1992. 174(12): p. 3936-3944.
Corral-Debrinski, M., et al., Marked changes in mitochondrial DNA deletion levels in
Alzheimer brains. Genomics, 1994. 23(2): p. 471-6.
Horton, T.M., et al., Novel mitochondrial DNA deletion found in a renal cell carcinoma.
Genes Chromosomes Cancer, 1996. 15(2): p. 95-101.
Silva, J.P., et al., Impaired insulin secretion and beta-cell loss in tissue-specific knockout
mice with mitochondrial diabetes. Nat Genet, 2000. 26(3): p. 336-40.
Wollheim, C.B., Beta-cell mitochondria in the regulation of insulin secretion: a new
culprit in type II diabetes. Diabetologia, 2000. 43(3): p. 265-77.
Tan, D.J., R.K. Bai, and L.J. Wong, Comprehensive scanning of somatic mitochondrial
DNA mutations in breast cancer. Cancer Res, 2002. 62(4): p. 972-6.
Anandatheerthavarada, H.K., et al., Mitochondrial targeting and a novel transmembrane
arrest of Alzheimer's amyloid precursor protein impairs mitochondrial function in
neuronal cells. J Cell Biol, 2003. 161(1): p. 41-54.
Cardoso, S.M., et al., Cytochrome c oxidase is decreased in Alzheimer's disease platelets.
Neurobiol Aging, 2004. 25(1): p. 105-10.
Petersen, K.F., et al., Impaired mitochondrial activity in the insulin-resistant offspring of
patients with type 2 diabetes. N Engl J Med, 2004. 350(7): p. 664-71.
Wallace, D.C., A mitochondrial paradigm of metabolic and degenerative diseases, aging,
and cancer: a dawn for evolutionary medicine. Annu Rev Genet, 2005. 39: p. 359-407.
Petros, J.A., et al., mtDNA mutations increase tumorigenicity in prostate cancer. Proc
Natl Acad Sci U S A, 2005. 102(3): p. 719-24.
Pagliarini, D.J., et al., A mitochondrial protein compendium elucidates complex I disease
biology. Cell, 2008. 134(1): p. 112-23.
Hao, H.X. and J. Rutter, Revealing human disease genes through analysis of the yeast
mitochondrial proteome, in Cell Cycle. 2009: United States. p. 4007-8.
Barnett, J.A., Beginnings of microbiology and biochemistry: the contribution of yeast
research. Microbiology, 2003. 149(Pt 3): p. 557-67.
Botstein, D., S.A. Chervitz, and J.M. Cherry, Yeast as a Model Organism. Science, 1997.
277(5330): p. 1259-60.
Cai, M.J. and R.W. Davis, YEAST CENTROMERE BINDING PROTEIN-CBF1, OF THE
HELIX-LOOP-HELIX PROTEIN FAMILY, IS REQUIRED FOR CHROMOSOME
STABILITY AND METHIONINE PROTOTROPHY. Cell, 1990. 61(3): p. 437-446.
Haynes, B.C., et al., Mapping functional transcription factor networks from gene
expression data. Genome Res, 2013. 23(8): p. 1319-28.
Krassovsky, K., J.G. Henikoff, and S. Henikoff, Tripartite organization of centromeric
chromatin in budding yeast. Proc Natl Acad Sci U S A, 2012. 109(1): p. 243-8.
O'Connell, K.F. and R.E. Baker, Possible Cross-Regulation of Phosphate and Sulfate
Metabolism in Saccharomyces Cerevisiae, in Genetics. 1992. p. 63-73.

85

112.
113.
114.
115.
116.
117.
118.
119.
120.
121.
122.
123.
124.
125.
126.
127.
128.
129.

Thomas, D., I. Jacquemin, and Y. Surdin-Kerjan, MET4, a leucine zipper protein, and
centromere-binding factor 1 are both required for transcriptional activation of sulfur
metabolism in Saccharomyces cerevisiae. Mol Cell Biol, 1992. 12(4): p. 1719-27.
Su, N.Y., et al., A dominant suppressor mutation of the met30 cell cycle defect suggests
regulation of the Saccharomyces cerevisiae Met4-Cbf1 transcription complex by Met32.
Journal of Biological Chemistry, 2008. 283(17): p. 11615-11624.
Petti, A.A., et al., Combinatorial control of diverse metabolic and physiological functions
by transcriptional regulators of the yeast sulfur assimilation pathway. Molecular Biology
of the Cell, 2012. 23(15): p. 3008-3024.
Kolaczkowski, M., et al., Differential Regulation of Ceramide Synthase Components
LAC1 and LAG1 in Saccharomyces cerevisiae, in Eukaryot Cell. 2004. p. 880-92.
Auer, S., et al., Potential Role of Upstream Stimulatory Factor 1 Gene Variant in
Familial Combined Hyperlipidemia and Related Disorders. Arteriosclerosis Thrombosis
and Vascular Biology, 2012. 32(6): p. 1535-+.
Aguilar-Salinas, C.A., T. Tusie-Luna, and P. Pajukanta, Genetic and environmental
determinants of the susceptibility of Amerindian derived populations for having
hypertriglyceridemia. Metabolism, 2014. 63(7): p. 887-94.
Di Taranto, M.D., et al., Association of USF1 and APOA5 polymorphisms with familial
combined hyperlipidemia in an Italian population. Molecular and Cellular Probes, 2015.
29(1): p. 19-24.
Bello-Chavolla, O.Y., et al., FAMILIAL COMBINED HYPERLIPIDEMIA: CURRENT
KNOWLEDGE, PERSPECTIVES, AND CONTROVERSIES. Rev Invest Clin, 2018.
70(5): p. 224-236.
Wang, D. and H.S. Sul, Upstream stimulatory factor binding to the E-box at -65 is
required for insulin regulation of the fatty acid synthase promoter. Journal of Biological
Chemistry, 1997. 272(42): p. 26367-26374.
Winzeler, E.A., et al., Functional characterization of the S. cerevisiae genome by gene
deletion and parallel analysis. Science, 1999. 285(5429): p. 901-6.
Rutter, J., B.L. Probst, and S.L. McKnight, Coordinate Regulation of Sugar Flux and
Translation by PAS Kinase. Cell, 2002. 111(1): p. 17-28.
Mymrikov, E.V., A.S. Seit-Nebi, and N.B. Gusev, Large Potentials of Small Heat Shock
Proteins. Physiological Reviews, 2011. 91(4): p. 1123-1159.
Rosebrock, A.P., Analysis of the Budding Yeast Cell Cycle by Flow Cytometry. Cold
Spring Harb Protoc, 2017. 2017(1).
Viana, M.P., S. Lim, and S.M. Rafelski, Quantifying mitochondrial content in living
cells. Methods Cell Biol, 2015. 125: p. 77-93.
Kanki, T., D. Kang, and D.J. Klionsky, Monitoring mitophagy in yeast: the Om45-GFP
processing assay. Autophagy, 2009. 5(8): p. 1186-9.
Smith, T.L. and J. Rutter, Regulation of glucose partitioning by PAS kinase and Ugp1
phosphorylation. Mol Cell, 2007. 26(4): p. 491-9.
Ren, Y.Q., Q.H. Li, and L.B. Liu, USF1 prompt melanoma through upregulating TGFbeta signaling pathway. Eur Rev Med Pharmacol Sci, 2016. 20(17): p. 3592-8.
Spohrer, S., et al., Functional interplay between the transcription factors USF1 and
PDX-1 and protein kinase CK2 in pancreatic beta-cells. Sci Rep, 2017. 7(1): p. 16367.

86

130.
131.
132.
133.
134.
135.
136.
137.

138.
139.
140.
141.
142.
143.
144.
145.
146.
147.

Xu, T., et al., RBPJ/CBF1 interacts with L3MBTL3/MBT1 to promote repression of
Notch signaling via histone demethylase KDM1A/LSD1. Embo j, 2017. 36(21): p. 32323249.
Cao, X., et al., Transcription factor CBF-1 is critical for circadian gene expression by
modulating WHITE COLLAR complex recruitment to the frq locus. PLoS Genet, 2018.
14(9): p. e1007570.
Lorenz, M.C. and J. Heitman, Regulators of pseudohyphal differentiation in
Saccharomyces cerevisiae identified through multicopy suppressor analysis in
ammonium permease mutant strains. Genetics, 1998. 150(4): p. 1443-57.
Fujita, A., et al., Enhancement of superficial pseudohyphal growth by overexpression of
the SFG1 gene in yeast Saccharomyces cerevisiae. Gene, 2005. 363: p. 97-104.
Sato, T., et al., The E-box DNA binding protein Sgc1p suppresses the gcr2 mutation,
which is involved in transcriptional activation of glycolytic genes in Saccharomyces
cerevisiae. FEBS Lett, 1999. 463(3): p. 307-11.
Jiang, W. and Y. Koltin, Two-hybrid interaction of a human UBC9 homolog with
centromere proteins of Saccharomyces cerevisiae. Mol Gen Genet, 1996. 251(2): p. 15360.
Malathi, K., Y. Xiao, and A.P. Mitchell, Interaction of yeast repressor-activator protein
Ume6p with glycogen synthase kinase 3 homolog Rim11p. Mol Cell Biol, 1997. 17(12):
p. 7230-6.
Rubin-Bejerano, I., et al., The in vivo activity of Ime1, the key transcriptional activator of
meiosis-specific genes in Saccharomyces cerevisiae, is inhibited by the cyclic
AMP/protein kinase A signal pathway through the glycogen synthase kinase 3-beta
homolog Rim11. Mol Cell Biol, 2004. 24(16): p. 6967-79.
Mitchell, A.P. and K.S. Bowdish, Selection for early meiotic mutants in yeast. Genetics,
1992. 131(1): p. 65-72.
Measday, V., et al., A family of cyclin-like proteins that interact with the Pho85 cyclindependent kinase. Mol Cell Biol, 1997. 17(3): p. 1212-23.
Loewith, R., et al., Two TOR complexes, only one of which is rapamycin sensitive, have
distinct roles in cell growth control. Mol Cell, 2002. 10(3): p. 457-68.
Fiorentini, P., et al., Exonuclease I of Saccharomyces cerevisiae functions in mitotic
recombination in vivo and in vitro. Mol Cell Biol, 1997. 17(5): p. 2764-73.
Hemmerich, P., et al., Interaction of yeast kinetochore proteins with centromereprotein/transcription factor Cbf1. Proc Natl Acad Sci U S A, 2000. 97(23): p. 12583-8.
Ohkuni, K. and K. Kitagawa, Role of transcription at centromeres in budding yeast.
Transcription, 2012. 3(4): p. 193-7.
Randise-Hinchliff, C. and J.H. Brickner, Transcription factors dynamically control the
spatial organization of the yeast genome. Nucleus, 2016. 7(4): p. 369-74.
Chen, C.F., et al., Saccharomyces cerevisiae Centromere RNA Is Negatively Regulated by
Cbf1 and Its Unscheduled Synthesis Impacts CenH3 Binding. Genetics, 2019. 213(2): p.
465-479.
Ling, Y.H. and K.W.Y. Yuen, Point centromere activity requires an optimal level of
centromeric noncoding RNA. Proc Natl Acad Sci U S A, 2019. 116(13): p. 6270-6279.
Ling, Y.H. and K.W.Y. Yuen, Centromeric non-coding RNA as a hidden epigenetic
factor of the point centromere. Curr Genet, 2019. 65(5): p. 1165-1171.

87

148.
149.
150.
151.
152.
153.
154.
155.
156.
157.
158.
159.
160.
161.
162.
163.
164.
165.
166.
167.

Luetke, K.H. and P.D. Sadowski, Determinants of the position of a Flp-induced DNA
bend. Nucleic Acids Res, 1998. 26(6): p. 1401-7.
Tran, P.T., et al., Characterization of nuclease-dependent functions of Exo1p in
Saccharomyces cerevisiae. DNA Repair (Amst), 2002. 1(11): p. 895-912.
Li, Z., et al., Rational extension of the ribosome biogenesis pathway using networkguided genetics. PLoS Biol, 2009. 7(10): p. e1000213.
MacDiarmid, C.W., L.A. Gaither, and D. Eide, Zinc transporters that regulate vacuolar
zinc storage in Saccharomyces cerevisiae. Embo j, 2000. 19(12): p. 2845-55.
Karran, P. and R. Brem, Protein oxidation, UVA and human DNA repair. DNA Repair,
2016. 44: p. 178-185.
Su, L.J., et al., Reactive Oxygen Species-Induced Lipid Peroxidation in Apoptosis,
Autophagy, and Ferroptosis. Oxidative Medicine and Cellular Longevity, 2019. 2019: p.
13.
Chen, G., G. Kroemer, and O. Kepp, Mitophagy: An Emerging Role in Aging and AgeAssociated Diseases. Frontiers in Cell and Developmental Biology, 2020. 8: p. 15.
Bandyopadhyay, S., et al., Rewiring of genetic networks in response to DNA damage.
Science, 2010. 330(6009): p. 1385-9.
Zheng, J., et al., Epistatic relationships reveal the functional organization of yeast
transcription factors. Mol Syst Biol, 2010. 6: p. 420.
Costanzo, M., et al., A global genetic interaction network maps a wiring diagram of
cellular function. Science, 2016. 353(6306).
Lohning, C. and M. Ciriacy, The TYE7 gene of Saccharomyces cerevisiae encodes a
putative bHLH-LZ transcription factor required for Ty1-mediated gene expression.
Yeast, 1994. 10(10): p. 1329-39.
Nishi, K., et al., The GCR1 requirement for yeast glycolytic gene expression is
suppressed by dominant mutations in the SGC1 gene, which encodes a novel basic-helixloop-helix protein. Mol Cell Biol, 1995. 15(5): p. 2646-53.
Dakshinamurthy, A., et al., BUD22 affects Ty1 retrotransposition and ribosome
biogenesis in Saccharomyces cerevisiae. Genetics, 2010. 185(4): p. 1193-205.
Mantiero, D., et al., Dual role for Saccharomyces cerevisiae Tel1 in the checkpoint
response to double-strand breaks. EMBO Rep, 2007. 8(4): p. 380-7.
Bonetti, D., et al., Multiple pathways regulate 3' overhang generation at S. cerevisiae
telomeres. Mol Cell, 2009. 35(1): p. 70-81.
Jorgensen, P., et al., Systematic identification of pathways that couple cell growth and
division in yeast. Science, 2002. 297(5580): p. 395-400.
Ge, W.Z., et al., The novel fission yeast protein Pal1p interacts with Hip1-related
Sla2p/End4p and is involved in cellular morphogenesis. Molecular Biology of the Cell,
2005. 16(9): p. 4124-4138.
Carroll, S.Y., et al., Analysis of yeast endocytic site formation and maturation through a
regulatory transition point. Molecular Biology of the Cell, 2012. 23(4): p. 657-668.
Weinberg, J. and D.G. Drubin, Clathrin-mediated endocytosis in budding yeast. Trends
in Cell Biology, 2012. 22(1): p. 1-13.
Goode, B.L., J.A. Eskin, and B. Wendland, Actin and Endocytosis in Budding Yeast.
Genetics, 2015. 199(2): p. 315-358.

88

168.
169.
170.
171.
172.
173.
174.
175.
176.
177.
178.
179.
180.
181.
182.
183.
184.
185.
186.
187.

Wrasman, K., Endocytic regulation from cargo to coat: The identification of novel
factors and endocytic protein interactions. 2016, Johns Hopkins University: Baltimore,
Maryland. p. 1-197.
Lee, M.E., et al., Mechanisms Connecting the Conserved Protein Kinases Ssp1, Kin1,
and Pom1 in Fission Yeast Cell Polarity and Division. Curr Biol, 2018. 28(1): p. 8492.e4.
Moorthy, B.T., et al., Identification of Suppressor of Clathrin Deficiency-1 (SCD1) and
Its Connection to Clathrin-Mediated Endocytosis in Saccharomyces cerevisiae. G3
(Bethesda), 2019.
Stearns, T., et al., ADP ribosylation factor is an essential protein in Saccharomyces
cerevisiae and is encoded by two genes. Mol Cell Biol, 1990. 10(12): p. 6690-9.
Stearns, T., et al., ADP-ribosylation factor is functionally and physically associated with
the Golgi complex. Proc Natl Acad Sci U S A, 1990. 87(3): p. 1238-42.
Chatr-Aryamontri, A., et al., The BioGRID interaction database: 2015 update. Nucleic
Acids Res, 2015. 43(Database issue): p. D470-8.
Su, G., et al., Biological network exploration with Cytoscape 3. Curr Protoc
Bioinformatics, 2014. 47: p. 8.13.1-24.
Aminov, R.I., A brief history of the antibiotic era: lessons learned and challenges for the
future. Frontiers in Microbiology, 2010. 1: p. 7.
Theuretzbacher, U., et al., Analysis of the clinical antibacterial and antituberculosis
pipeline. Lancet Infectious Diseases, 2019. 19(2): p. E40-E50.
Coates, A.R., G. Halls, and Y. Hu, Novel classes of antibiotics or more of the same? Br J
Pharmacol, 2011. 163(1): p. 184-94.
da Cunha, B.R., L.P. Fonseca, and C.R.C. Calado, Antibiotic Discovery: Where Have We
Come from, Where Do We Go? Antibiotics-Basel, 2019. 8(2): p. 21.
Navon-Venezia, S., K. Kondratyeva, and A. Carattoli, Klebsiella pneumoniae: a major
worldwide source and shuttle for antibiotic resistance. Fems Microbiology Reviews,
2017. 41(3): p. 252-275.
Broberg, C.A., M. Palacios, and V.L. Miller, Klebsiella: a long way to go towards
understanding this enigmatic jet-setter. F1000Prime Rep, 2014. 6: p. 64.
Singh, L., M.P. Cariappa, and M. Kaur, Klebsiella oxytoca: An emerging pathogen? Med
J Armed Forces India, 2016. 72(Suppl 1): p. S59-s61.
Moradigaravand, D., et al., Population structure of multidrug resistant Klebsiella oxytoca
within hospitals across the UK and Ireland identifies sharing of virulence and resistance
genes with K. pneumoniae. Genome Biol Evol, 2017. 9(3): p. 574-587.
Comeau, A.M., et al., Exploring the prokaryotic virosphere. Res Microbiol, 2008. 159(5):
p. 306-13.
Keen, E.C., A century of phage research: bacteriophages and the shaping of modern
biology. Bioessays, 2015. 37(1): p. 6-9.
Ofir, G. and R. Sorek, Contemporary Phage Biology: From Classic Models to New
Insights. Cell, 2018. 172(6): p. 1260-1270.
Ansaldi, M., et al., Antibacterial applications of bacteriophages. Virologie, 2020. 24(1):
p. 23-36.
Lawrence, D., M.T. Baldridge, and S.A. Handley, Phages and Human Health: More
Than Idle Hitchhikers. Viruses-Basel, 2019. 11(7): p. 16.

89

188.
189.
190.
191.
192.
193.
194.
195.
196.
197.
198.
199.
200.
201.
202.
203.
204.
205.
206.
207.
208.

Rastogi, V., et al., An Overview on Bacteriophages: A Natural Nanostructured
Antibacterial Agent. Current Drug Delivery, 2018. 15(1): p. 3-20.
Guo, Z.M., et al., Therapeutic applications of lytic phages in human medicine. Microbial
Pathogenesis, 2020. 142: p. 7.
Fabijan, A.P., et al., Phage therapy for severe bacterial infections: a narrative review.
Medical Journal of Australia, 2020. 212(6): p. 279-+.
Kwiatek, M., S. Parasion, and A. Nakonieczna, Therapeutic bacteriophages as a rescue
treatment for drug-resistant infections - an in vivo studies overview. Journal of Applied
Microbiology, 2020. 128(4): p. 985-1002.
Kearse, M., et al., Geneious Basic: an integrated and extendable desktop software
platform for the organization and analysis of sequence data. Bioinformatics, 2012.
28(12): p. 1647-9.
Lawrence, J., DNA Master. 2012.
Besemer, J., A. Lomsadze, and M. Borodovsky, GeneMarkS: a self-training method for
prediction of gene starts in microbial genomes. Implications for finding sequence motifs
in regulatory regions. Nucleic Acids Research, 2001. 29(12): p. 2607-2618.
Altschul, S.F., et al., BASIC LOCAL ALIGNMENT SEARCH TOOL. Journal of Molecular
Biology, 1990. 215(3): p. 403-410.
Lassmann, T., Kalign 3: multiple sequence alignment of large data sets. Bioinformatics,
2019.
Krumsiek, J., R. Arnold, and T. Rattei, Gepard: a rapid and sensitive tool for creating
dotplots on genome scale. Bioinformatics, 2007. 23(8): p. 1026-1028.
Bailly-Bechet, M., M. Vergassola, and E. Rocha, Causes for the intriguing presence of
tRNAs in phages. Genome Research, 2007. 17(10): p. 1486-1495.
Delesalle, V.A., et al., Testing hypotheses for the presence of tRNA genes in
mycobacteriophage genomes. Bacteriophage, 2016. 6(3): p. e1219441.
Grose, J.H. and S.R. Casjens, Understanding the enormous diversity of bacteriophages:
The tailed phages that infect the bacterial family Enterobacteriaceae. Virology, 2014.
468: p. 421-443.
Hatfull, G.F., et al., Comparative Genomic Analysis of 60 Mycobacteriophage Genomes:
Genome Clustering, Gene Acquisition, and Gene Size. Journal of Molecular Biology,
2010. 397(1): p. 119-143.
Alam, T.I., et al., The headful packaging nuclease of bacteriophage T4. Mol Microbiol,
2008. 69(5): p. 1180-90.
Black, L.W. and V.B. Rao, Structure, assembly, and DNA packaging of the
bacteriophage T4 head. Adv Virus Res, 2012. 82: p. 119-53.
Leffers, G. and V.B. Rao, A discontinuous headful packaging model for packaging less
than headful length DNA molecules by bacteriophage T4. J Mol Biol, 1996. 258(5): p.
839-50.
Kongari, R., et al., Phage spanins: diversity, topological dynamics and gene
convergence. Bmc Bioinformatics, 2018. 19: p. 26.
Nobrega, F.L., et al., Targeting mechanisms of tailed bacteriophages. Nat Rev Microbiol,
2018. 16(12): p. 760-773.
Leiman, P.G., et al., Morphogenesis of the T4 tail and tail fibers. Virol J, 2010. 7: p. 355.
Drancourt, M., et al., Phylogenetic analyses of Klebsiella species delineate Klebsiella and
Raoultella gen. nov., with description of Raoultella ornithinolytica comb. nov., Raoultella
90

209.
210.
211.
212.
213.
214.
215.

216.
217.
218.
219.
220.
221.
222.
223.
224.
225.

terrigena comb. nov. and Raoultella planticola comb. nov. Int J Syst Evol Microbiol,
2001. 51(Pt 3): p. 925-932.
Barbu, E.M., K.C. Cady, and B. Hubby, Phage Therapy in the Era of Synthetic Biology.
Cold Spring Harb Perspect Biol, 2016. 8(10).
Aleshkin, A.V., et al., Phagebiotics in treatment and prophylaxis of healthcareassociated infections. Bacteriophage, 2016. 6(4): p. e1251379.
Duckworth, D.H., WHO DISCOVERED BACTERIOPHAGE. Bacteriological Reviews,
1976. 40(4): p. 793-802.
Cheetham, B.F. and M.E. Katz, A ROLE FOR BACTERIOPHAGES IN THE
EVOLUTION AND TRANSFER OF BACTERIAL VIRULENCE DETERMINANTS.
Molecular Microbiology, 1995. 18(2): p. 201-208.
Schicklmaier, P. and H. Schmieger, FREQUENCY OF GENERALIZED TRANSDUCING
PHAGES IN NATURAL ISOLATES OF THE SALMONELLA-TYPHIMURIUM
COMPLEX. Applied and Environmental Microbiology, 1995. 61(4): p. 1637-1640.
Faruque, S.M. and J.J. Mekalanos, Phage-bacterial interactions in the evolution of
toxigenic Vibrio cholerae. Virulence, 2012. 3(7): p. 556-565.
Trost, E., et al., Pangenomic Study of Corynebacterium diphtheriae That Provides
Insights into the Genomic Diversity of Pathogenic Isolates from Cases of Classical
Diphtheria, Endocarditis, and Pneumonia. Journal of Bacteriology, 2012. 194(12): p.
3199-3215.
Rasko, D.A., et al., The pangenome structure of Escherichia coli: Comparative genomic
analysis of E-coli commensal and pathogenic isolates. Journal of Bacteriology, 2008.
190(20): p. 6881-6893.
Doss, J., et al., A Review of Phage Therapy against Bacterial Pathogens of Aquatic and
Terrestrial Organisms. Viruses-Basel, 2017. 9(3): p. 10.
D'Herelle, F., On an invisible microbe antagonistic dysenteric bacilli: brief note by Mr.
F. D'Herelle presented by Mr. Roux. Research in Microbiology, 2007. 158(7): p. 553554.
Prevention, C.f.D.C.a. Antibiotic/Antimicrobial Resistance Biggest Threats. 2013 April
14th, 2017 [cited 2017 May 26th]; Available from:
https://www.cdc.gov/drugresistance/biggest_threats.html.
Shapiro, L.R., et al., Horizontal Gene Acquisitions, Mobile Element Proliferation, and
Genome Decay in the Host-Restricted Plant Pathogen Erwinia Tracheiphila. Genome
Biology and Evolution, 2016. 8(3): p. 649-664.
Esplin, I.N.D., et al., Genome Sequences of 19 Novel Erwinia amylovora Bacteriophages.
Genome Announc, 2017. 5(46).
Ritchie, D.F. and E.J. Klos, ISOLATION OF ERWINIA AMYLOVORA
BACTERIOPHAGE FROM AERIAL PARTS OF APPLE-TREES. Phytopathology, 1977.
67(1): p. 101-104.
Ishimaru, C.A., E.J. Klos, and R.R. Brubaker, MULTIPLE ANTIBIOTIC PRODUCTION
BY ERWINIA-HERBICOLA. Phytopathology, 1988. 78(6): p. 746-750.
Burkholder, W.H., L.A. McFadden, and A.W. Dimock, A BACTERIAL BLIGHT OF
CHRYSANTHEMUMS. Phytopathology, 1953. 43(9): p. 522-526.
Medeiros, A.A., et al., Effect of salt concentration on the apparent in-vitro susceptibility
of Pseudomonas and other gram-negative bacilli to gentamicin. J Infect Dis, 1971. 124
Suppl: p. S59-64.
91

226.
227.
228.
229.
230.
231.
232.
233.
234.
235.
236.
237.
238.
239.
240.
241.
242.
243.
244.
245.

Haynes, W.C., et al., PSEUDOMONAS-AUREOFACIENS KLUYVER AND PHENAZINE
ALPHA-CARBOXYLIC ACID, ITS CHARACTERISTIC PIGMENT. Journal of
Bacteriology, 1956. 72(3): p. 412-417.
Sneath, P.H.A. and S.T. Cowan, AN ELECTRO-TAXONOMIC SURVEY OF BACTERIA.
Journal of General Microbiology, 1958. 19(3): p. 551-565.
Skerman, V.B.D., V. McGowan, and P.H.A. Sneath, APPROVED LISTS OF
BACTERIAL NAMES. International Journal of Systematic Bacteriology, 1980. 30(1): p.
225-420.
Datsenko, K.A. and B.L. Wanner, One-step inactivation of chromosomal genes in
Escherichia coli K-12 using PCR products. Proceedings of the National Academy of
Sciences of the United States of America, 2000. 97(12): p. 6640-6645.
Schneider, C.A., W.S. Rasband, and K.W. Eliceiri, NIH Image to ImageJ: 25 years of
image analysis. Nature Methods, 2012. 9(7): p. 671-675.
Guttman, M., et al., Interactions of the NPXY microdomains of the low density
lipoprotein receptor-related protein 1. Proteomics, 2009. 9(22): p. 5016-5028.
McCormack, A.L., et al., Direct analysis and identification of proteins in mixtures by
LC/MS/MS and database searching at the low-femtomole level. Analytical Chemistry,
1997. 69(4): p. 767-776.
Gish, W. and D.J. States, IDENTIFICATION OF PROTEIN CODING REGIONS BY
DATABASE SIMILARITY SEARCH. Nature Genetics, 1993. 3(3): p. 266-272.
Madden, T.L., R.L. Tatusov, and J.H. Zhang, Applications of network BLAST server.
Computer Methods for Macromolecular Sequence Analysis, 1996. 266: p. 131-141.
Grose, J.H., et al., Genomic comparison of 93 Bacillus phages reveals 12 clusters, 14
singletons and remarkable diversity (vol 15, 855, 2014). Bmc Genomics, 2014. 15: p. 20.
Goujon, M., et al., A new bioinformatics analysis tools framework at EMBL-EBI. Nucleic
Acids Research, 2010. 38: p. W695-W699.
Lassmann, T., O. Frings, and E.L.L. Sonnhammer, Kalign2: high-performance multiple
alignment of protein and nucleotide sequences allowing external features. Nucleic Acids
Research, 2009. 37(3): p. 858-865.
Lassmann, T. and E.L.L. Sonnhammer, Kalign - an accurate and fast multiple sequence
alignment algorithm. Bmc Bioinformatics, 2005. 6: p. 9.
Li, W.Z., et al., The EMBL-EBI bioinformatics web and programmatic tools framework.
Nucleic Acids Research, 2015. 43(W1): p. W580-W584.
McWilliam, H., et al., Analysis Tool Web Services from the EMBL-EBI. Nucleic Acids
Research, 2013. 41(W1): p. W597-W600.
Bailey, T.L., et al., MEME SUITE: tools for motif discovery and searching. Nucleic
Acids Research, 2009. 37: p. W202-W208.
Grant, C.E., T.L. Bailey, and W.S. Noble, FIMO: scanning for occurrences of a given
motif. Bioinformatics, 2011. 27(7): p. 1017-1018.
Cresawn, S.G., et al., Phamerator: a bioinformatic tool for comparative bacteriophage
genomics. Bmc Bioinformatics, 2011. 12: p. 14.
Yuan, Y.H. and M.Y. Gao, Jumbo Bacteriophages:An Overview. Frontiers in
Microbiology, 2017. 8: p. 9.
Lowe, T.M. and S.R. Eddy, tRNAscan-SE: A program for improved detection of transfer
RNA genes in genomic sequence. Nucleic Acids Research, 1997. 25(5): p. 955-964.

92

246.
247.
248.
249.
250.
251.
252.
253.
254.
255.
256.
257.
258.
259.
260.
261.
262.

Casjens, S.R. and J.H. Grose, Contributions of P2-and P22-like prophages to
understanding the enormous diversity and abundance of tailed bacteriophages. Virology,
2016. 496: p. 255-276.
Kuebler, D. and V.B. Rao, Functional analysis of the DNA-packaging/terminase protein
gp17 from bacteriophage T4. Journal of Molecular Biology, 1998. 281(5): p. 803-814.
Merrill, B.D., et al., Software-based analysis of bacteriophage genomes, physical ends,
and packaging strategies. Bmc Genomics, 2016. 17: p. 16.
Garneau, J.R.D., F.; Fortier, L.; Bikard, D.; Monot, M., PhageTerm: a Fast and Userfriendly Software to Determine Bacteriophage Termini and Packaging Mode using
randomly fragmented NGS data. bioRxiv, 2017.
Hatfull, G.F., Dark Matter of the Biosphere: the Amazing World of Bacteriophage
Diversity. Journal of Virology, 2015. 89(16): p. 8107-8110.
Mokili, J.L., F. Rohwer, and B.E. Dutilh, Metagenomics and future perspectives in virus
discovery. Current Opinion in Virology, 2012. 2(1): p. 63-77.
Wang, S., et al., Protein structure alignment beyond spatial proximity. Scientific Reports,
2013. 3: p. 7.
Wang, S., J. Peng, and J.B. Xu, Alignment of distantly related protein structures:
algorithm, bound and implications to homology modeling. Bioinformatics, 2011. 27(18):
p. 2537-2545.
Lecoutere, E., et al., Identification and comparative analysis of the structural proteomes
of phi KZ and EL, two giant Pseudomonas aeruginosa bacteriophages. Proteomics, 2009.
9(11): p. 3215-3219.
Berdygulova, Z., et al., Temporal Regulation of Gene Expression of the Thermus
thermophilus Bacteriophage P23-45. Journal of Molecular Biology, 2011. 405(1): p. 125142.
Blankenberg, D., In preparation.
Sokolova, O.S., et al., Genome packaging in EL and Lin68, two giant phiKZ-like
bacteriophages of P-aeruginosa. Virology, 2014. 468: p. 472-478.
Cornelissen, A., et al., Complete Genome Sequence of the Giant Virus OBP and
Comparative Genome Analysis of the Diverse phi KZ-Related Phages. Journal of
Virology, 2012. 86(3): p. 1844-1852.
Euzeby, J.P., List of bacterial names with standing in nomenclature: A folder available
on the Internet. International Journal of Systematic Bacteriology, 1997. 47(2): p. 590592.
Pickard, D., et al., Molecular characterization of the Salmonella enterica serovar Typhi
Vi-typing bacteriophage E1. Journal of Bacteriology, 2008. 190(7): p. 2580-2587.
Casjens, S.R. and P.A. Thuman-Commike, Evolution of mosaically related tailed
bacteriophage genomes seen through the lens of phage P22 virion assembly. Virology,
2011. 411(2): p. 393-415.
Jacobs-Sera, D., et al., On the nature of mycobacteriophage diversity and host
preference. Virology, 2012. 434(2): p. 187-201.

93

